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EXECUTIVE SUMMARY

In Very High Temperature Reactors (VHTRSs), the long mean-free-path and large migration area of
neutrons leads to spectral influences between fuel and reflector zones over long distances. This presents
significant challenges to the validity of the classic two-step approach of cross section preparation wherein
infinite lattice transport calculations are performed on relatively small physical domains (e.g. single
assembly) in order to compute homogenized few-group cross sections for whole core analysis.

Effects of the inner and outer reflectors challenge the classical two-step approach, while burnable poison
locations affect neighboring assemblies as well. Use of transuranics-only (TRU) Deep Burn fuel in a
prismatic VHTR (DB-VHTR) presents the additional challenge of producing vastly different neutron
spectra between fresh and burned fuel.

Modeling the VHTR also requires the ability to treat in the code the hexagonal geometry, the presence of
TRISO particles, whose distribution in the fuel compacts is stochastic, and large lattice domains.
Currently, DRAGON can treat these features: the hexagonal geometry is in place, the large domains may
be treated by the method of characteristics (MOC) or collision probability (CP), and the double-
heterogeneity treatment can be used for TRISO particles.

Therefore, in order to complement the analysis and design activities for Deep Burn in prismatic High
Temperature Reactors (HTRs), this study was performed in order to provide some initial guidance on the
necessary procedures to model the DB-VHTR with sufficient accuracy. The purpose of this study is to
provide evaluation of the tradeoffs in accuracy between domain size in the lattice calculation and number
of energy groups used in the whole core calculation. The lattice calculations were performed using the
DRAGON-4 code and the whole core calculations using the Idaho National Laboratory code INSTANT,
both of which are described in the following sections. The accuracy of the whole-core calculations was
judged by comparison of Eigenvalues and fission rate shapes to results from MCNP calculations. The
number of groups used in the lattice calculations was fixed at 295 and two different domain sizes were
used, a single block and a supercell. Primarily of interest in this study were the effects of the reflector on
the spectrum and, in turn, the adequacy of the cross section sets.

Also included in this report are results from a preliminary study aimed at determining the effect of the
presence of reflector on the burnup characteristics in a peripheral block. Depletion was performed in a
supercell in order to observe the differences across a block of interest.

The results showed that using the Method of Characteristics (MOC) in DRAGON, both a single block and
a supercell leads to good predictions of the Eigenvalue and of the relative fission rates of each fuel block
in the core if enough groups are kept in INSTANT (e.g., 26 groups). The supercell path produced the best
results compared to the equivalent calculations using the single-block path. A ke within £20 pecm from
MCNP was obtained in both cases. The fission rate errors for fuel blocks were within 1% with the
supercells model, and within [-1%, +1.9%)] with the single-block path, compared to the values from
MCNP. Calculations with the collision probability (CP) and interface current coupling method proved to
be less accurate, especially for supercells, than the MOC. However, considering the good agreement
reached by the single-block path with MCNP and considering the significant calculation durations for the
supercells, the use of supercells may not appear worthwhile for this simplified core.

Several concerns remain and may play against a calculation using only the single-block model. First, the
introduction of burnable poisons and control rods may create geometric difficulties and spectral effects
that would not be carried to the core model appropriately using a single-block model, even with many
groups in the core calculation. It is especially important to correctly model the burnable poison effects
because they strongly affect the local flux.
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Another major challenge remains the depletion calculation in the code. Trials on a supercell have shown
that the number densities across a block partially surrounded by reflector vary in significant proportions,
up to 45% between two sides of the block for certain isotopes. In addition, the neutron spectrum also
changes significantly depending on whether the reflector is close or not to the considered fuel cell. Thus,
at least two important phenomena are present in those blocks: a high variation of the fission rates, which
tends to create a heterogeneous burning in the block; and a spectral variation. Determination of an
adequate depletion method should be pursued in future work.

The material in this report was also prepared as a master’s thesis by Vincent Descotes at the Ecole
Polytechnique de Montréal under the supervision of Alain Hébert, and Guy Marleau based largely on
work performed during an internship at the Idaho National Laboratory.
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LIST OF ACRONYMS AND ABBREVIATIONS

ASCII American Standard Code for Information Interchange

CEA Commissariat a 1'énergie Atomique

CP Collision Probability. Solution method of the transport equation.

CPU Central Processing Unit

DH295 “Double heterogeneity”, 295 groups. Describes one calculation path where the geometry is

completely described with TRSIO particles
DOE Department of Energy
DRAGON  Complete lattice code developed at the “Ecole Polytechnique de Montréal”
EXCELT Tracking module in DRAGON. Used for the method of characteristics
FEM Finite Element Method

HOM295 “Homogeneous”, 295 groups. Calculation path in 295 groups starting with homogeneous
cross-sections for the different cells (fuel, graphite, coolant). HOM26 “Homogeneous”, 26
groups. Calculation path in 26 groups starting with homogeneous cross-sections for the
different cells (fuel, graphite, coolant)

INL Idaho National Laboratory

INSTANT  Full-core PN calculation code developed at the INL

LANL Los Alamos National Laboratory

LWR Light-Water Reactor

MCNP Monte-Carlo Neutral Particle reference code developed at the LANL

MOC Method of Characteristics. Solution method of the transport equation.

NGNP Next Generation Nuclear Plant

Px Solution method of the transport equation using a polynomial expansion of the streaming
operator

SERPENT  Monte-Carlo lattice code developed at VIT (Finland) by Jaakko Leppénen

SB Single block model

SC Supercell model

Sn Solution method of the transport equation using an angular discretization of the streaming
operator. Also known as the discrete ordinates method

SPH Super Homogenization

SYB Abbreviation for SYBILT

SYBILT Tracking module in DRAGON using the collision probability method
TRISO Tristructural-Isotropic

VHTR Very high temperature reactor

VTT Valtion Teknillinen Tutkimuskeskus
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FINAL REPORT ON UTILIZATION OF TRU TRISO FUEL
AS APPLIED TO HTR SYSTEMS PART II: PRISMATIC
REACTOR CROSS SECTION GENERATION

1. INTRODUCTION

1.1 Background

In Very High Temperature Reactors (VHTRSs), the long mean-free-path and large migration area of
neutrons leads to spectral influences between fuel and reflector zones over long distances. This presents
significant challenges to the validity of the classic two-step approach of cross section preparation wherein
infinite lattice transport calculations are performed on relatively small physical domains (e.g. single
assembly) in order to compute homogenized few-group cross sections for whole core analysis.

Effects of the inner and outer reflectors challenge the classical two-step approach, while burnable poison
locations affect neighboring assemblies as well. Use of transuranics-only (TRU) Deep Burn fuel in a
prismatic VHTR (DB-VHTR) presents the additional challenge of producing vastly different neutron
spectra between fresh and burned fuel.

Modeling the VHTR also requires the ability to treat in the code the hexagonal geometry, the presence of
TRISO particles, whose distribution in the fuel compacts are stochastic, and large lattice domains.
Currently, DRAGON can treat these features: the hexagonal geometry is in place, the large domains may
be treated by the method of characteristics (MOC) or collision probability (CP), and the double-
heterogeneity treatment can be used for TRISO particles.

The purpose of this study is to provide evaluation of the tradeoffs in accuracy between domain size in the
lattice calculation and number of energy groups used in the whole core calculation. The lattice
calculations were performed using the DRAGON-4 code and the whole core calculations using the Idaho
National Laboratory code INSTANT, both of which are described in the following section. The accuracy
of the whole-core calculations was judged by comparison to MCNP. The number of groups used in the
lattice calculations was fixed at 295 and two different domain sizes were used, a single block and a
supercell. Primarily of interest in this study was the effects of the reflector on the spectrum and, in turn,
the adequacy of the cross section sets.

1.2 Simplified Design Used for this Study

This report will focus on the neutronic simulation of a Deep Burn VHTR. A simplified reactor with only
blocks of reflector and blocks of fuel was considered. The reactor arrangement consisted of a prismatic
geometry with a 5-ring annular core surrounded by blocks of graphite reflectors.

The fuel blocks are comprised of three types of hexagonal cells:

e Fuel compacts surrounded by graphite and filled with transuranic elements. The fuel is located inside
tristructural-isotropic (TRISO) particles diluted in a graphite matrix.

e Cylindrical tubes of coolant with two different diameters filled with helium and surrounded by
graphite.
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e Pure graphite hexagonal cells in the center and at the periphery. The usual places for burnable poisons
in the corners of the fuel block are also filled with pure graphite. A drawing is provided in
Figure 1-1(a).

Figure 1-1(b) shows the two-dimensional (2-D) core map, with a central reflector block, two rings of
reflector, then five rings of fuel blocks and three rings of reflector blocks before the vessel. The vessel’s
influence is not considered in this analysis as its influence on the neutronics should be low compared to
the outer graphite. Therefore, this study focuses on the interaction between the fuel and the graphite
reflector. Likewise, this study assumes that all fuel blocks are equivalent, made up of fresh fuel, without
burnable poisons or control rods.

Table 1-1 gives the parameters used for all our calculations.

(a) Geometry of a fuel block. (b) Core map for INSTANT model.
Figure 1-1. Core map and detailed geometry of a fuel block.

Table 1-1. Core parameters.

Parameter Value
Block pitch (cm) 36.0
Block side (cm) 20.78461
Maximum number of blocks in a 21
direction (N)
Total number of blocks (T) 331

The following relation, given in the INSTANT manual' gives us the correspondence between the number
of hexagons in a direction and the total number of hexagons in the core for a 2-D “complete” geometry:

T = %(NZ ~D+1 (1-1)

The fuel blocks exhibit a 1/12" symetry, so the model in the simulation can be simplified. Figure 1-2
shows the disposition of the different cells in the 1/12" model and Table 1-2(a) gives the geometric
parameters. The reflector blocks are filled with graphite whose density is the same as the graphite cells in



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part II: Prismatic
Reactor Cross Section Generation
March 2011

the fuel block: 8.774.10.10%* atoms.cm™ (see Table 1-4). Tables 1-3(a) and 1-3(b) give the composition
of the TRISO particles, and Table 1-2(b) their dimensions.

Fuel Compact

_ / Coolant Hole

&

Reduced Density
Graphite

Block
Boundary
N
Figure 1-2. Fuel block with 1/12™ symetry.
Table 1-2. Fuel block parameters.
(a) Cell dimensions. (b) TRISO particle layer dimensions.
Parameter Value Layer Thickness (um)
Large coolant channel radius (cm) 0.794 Fuel kernel 200
Small coolant channel radius (cm) 0.635 Buffer layer 120
Fuel compact radius (cm) 0.6225 IPyC 40
Fuel hole radius (cm) 0.6350 SiC 35
Coolant/Fuel cell pitch (cm) 1.88 OPyC 40
Coolant/Fuel cell side (cm) 1.08542

TRISO packing fraction (%) 17.5016
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Table 1-3. TRISO composition.

(a) Fuel kernel. (b) Buffers compositions.
Number density Number density
Nuclide (.10** atoms.cm™) Nuclide (.10** atoms.cm™)
0 4,436.107 Porous Graphite Buffer Layer
“Np 1,522.10° Graphite 5,265.10”
¥y 6,464.10™ IPyC Layer
%Py 1,099.107 Graphite 9,526.10”
#0py 5,084.10° SiC Coating Layer
#py 1,937.10° i 4,402.107
#2py 1,074.10° ¥Si 2,235.107
1 Am 6,163.10™ Si 1,473.10°
*2Am 4,385.10° 12C 4,772.10°
5 Am 3,057.10™ OPyC Layer
Graphite 9,526.10°

Table 1-4. Other mixtures.

Number density
Nuclide (x10** atoms.cm™)
Graphite matrix in the fuel pellet for TRISOs 8.524.107
Graphite surrounding the fuel pellet and the coolant tubes 8.774.107
*He in the coolant tubes and in an annular tube around the fuel pellet 7.000.10"

1.3 Objectives of the Report

This report investigates the different ways to prepare cross sections for the core calculation. It especially
focuses on two parameters:

e The number of groups to which the cross-sections are condensed before the whole core calculation.
e The presence or absence of the blocks surrounding the block of interest at the lattice level.

The code DRAGON Version 4 was used for the lattice level and INSTANT for the whole core
calculations. Note that INSTANT is not a diffusion but a 3-D transport code, which uses the PN method.

1.4 Organization of the Report

In this report, neutronics equations are first presented in Section 2. Nothing new has been added in this
section compared to text books, but it may be useful for the reader to review the physical equations
underlying each numerical method used in the simulations. Section 3 develops with details the different
calculation schemes considered—single-block paths versus supercells paths using a larger domain at the
lattice level. Details are given about the options used in DRAGON and INSTANT. Section 4 contains all
the results to analyze the two main paths and quantify their accuracy. In Section 4.6, a depletion study
provides more data for a future complete calculation scheme. It emphasizes the problems raised by this
reactor. A final conclusion summarizes the results of this work and suggest some points, which should be
further studied. Bibliography and appendixes are provided at the end of this report.
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2. NEUTRONICS EQUATIONS

The neutronics deals with interactions between neutrons and matter in a nuclear reactor. This discipline
may also be called reactor physics, and is of high importance for reactor design, operation, and safety. It
aims to determine an accurate representation of the neutron distribution inside the core, which leads to the
determination of the power shape in the reactor, the reactivity of the core, and the depletion of the
different isotopes. In this section, the equations are presented that underlie all neutronics codes,
particularly the codes DRAGON and INSTANT, which are used in this work. All of this section is based
on the graduate-level course of Alain Hébert at the Ecole Polytechnique de Montréal. An exhaustive
presentation of this thema can be found in reference,” which inspired this section, but also in Reuss and
Massimo’s documents,** this last one being more focused on high-temperature reactors.

Interactions between neutrons and nuclei are described by functions of neutron energy and nuclide
characteristics, which are called cross sections. Their establishment results both from quantum
mechanical models of the neutron-nuclei interactions and from direct or indirect measuring during
experiments. Thus, neutronics only deals with the statistical behavior of neutrons at a mesoscopic level,
so that quantum effects vanish. We start with five assumptions, which are well verified:

e Relativistic effects are neglected

e Neutron-neutron interactions are neglected; in fact, the neutron density in the reactor is always much
lower than the density of the nuclei

e Neutrons are neutral particles; therefore, neutron mean free paths are straight lines
e The materials are isotropic in space—all considered mixtures are perfectly mixed
e The nuclides are in thermal equilibrium with their neighbors.

The neutron distribution in the core will depend of the position in the reactor (3 variables), the velocity of
neutrons (3 variables), and the time (1 variable). This distribution is the solution of the transport equation
that models the behavior of neutrons over the core.

2.1 Fundamental Nuclear Parameters

Depending on the energy of the incident neutron, a collision between a neutron and a nucleus can produce
several reactions. Two basic phenomena can happen:

e The neutron is scattered by the nucleus without penetrating it, which is called a potential scattering
reaction. This reaction is described as elastic because both the momentum and kinetic energy of the
neutron-nucleus pair are conserved. A classical analogy is the billiard-ball collision.

e The collision produces a compound nucleus where the incident neutron penetrates the nucleus and
mixes with other nucleons. The compound nucleus therefore gains a lot of internal energy and is most
of the time highly unstable. After a life-time of between 10**s to 10™*s, the compound nucleus loses
its excitation energy by emitting particles and/or electromagnetic rays. The compound nucleus can
undergo several evolutions: fission, particle emission (proton, neutron, alpha particle) and/or gamma
rays emission. Notice that if a single neutron is emitted, the reaction is called resonant scattering
reaction. The result is comparable to the potential scattering reaction. However, this reaction can be
inelastic, which means that the momentum and kinetic energy are not conserved. In this case, the
reaction comes with gamma ray emission. If the compound nucleus is only emitting gamma rays, then
the reaction is called radiative capture.”

In neutronics, we are only interested in the effect of the reaction upon the neutron population. Therefore,
we introduce cross-sections and collision laws.
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Cross sections are related to the probability that each nuclear reaction has to occur. They lead to the
calculation of corresponding reaction rates, that is to say the number of nuclear reactions of this type per
unit of time.

The collision laws describe the dynamics of a collision, which leads to the calculation of the velocity and
direction characteristics of the emitted particle. All reactions involving the formation of a compound
nucleus are usually meant to be isotropic in the laboratory reference system (LAB). Collision laws for
potential scattering reactions are usually simplified by using the approximation of isotropic scattering or
of linear anisotropic scattering. Those approximations will be detailed while introducing the neutron
scattering source term.

211 Definition of the Cross Sections

Cross sections describe the probability of each type of nuclear reaction and are based on a fundamental
property of nuclear reactions’:

The probability for a neutron located at ¥ and moving in a material at velocity
Vn to undergo a nuclear reaction in a differential element of trajectory ds is
independent of the past history of the neutron and is proportional to ds.

For example, consider a monokinetic and monodirectional beam of neutron hitting perpendicularly a
target of width ds and area S at a velocity V,,. I is the intensity of the beam, that is to say the number of
neutrons hitting the target per unit of area per unit of time. Mathematically, this intensity is defined by:

I =nVg 2-1)

where V' is the relative velocity of the neutrons with respect to the target, and # is the volumetric
concentration of the neutrons (neutrons.cm™) in the beam. To simplify, consider the target nuclei at rest
(0 K); then, V% is equal to V,,.

The volumetric concentration of nuclei in the target is given by:

— Pho -
N=2 (2-2)
where p is the mass density of nuclides (g.cm™), M is the atomic mass of a nuclide (g.mol™") and 4, is the

Avogadro number defined as 6.022094.10*atoms.mol ™.

The surfacic reaction rate dR, is defined as the number of nuclear reactions of type x per unit of time and
per unit of area of the target. Experiment has shown that this reaction rate can be expressed by:

dR, = o,NI ds (2-3)

The microscopic cross section o, is a proportionality factor. Quantum mechanics is now able to provide a
more complete definition of the microscopic cross section so that it is possible to explain part of their
behavior’; however, this is not the purpose of this report.

A dimensional analysis of Equation 2-3 shows that the microscopic cross section must have the
dimension of an area. It is generally expressed in barns (b), with /b = 107 cn’. In a classical analogy,
imagine the microscopic cross section as the surface on which a neutron heading toward the nuclide will
interact with it. Of course, the concept of area at those scales is not really relevant and can be misleading,
but it gives a helpful representation of the phenomenon. Some nuclides will have a high microscopic
cross section, which reflects a high affinity of the neutrons with those nuclides. On the contrary, other
nuclides will not react as readily with neutrons, and therefore have a small microscopic cross section.
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It can be useful to group all the characteristics of the target into a single value. Therefore, we define the
macroscopic cross section 2,:

2y = No, (2-4)

Due to its definition, the macroscopic cross section has the dimension of the inverse of a length. It is
usually expressed in cm™.

The microscopic and macroscopic cross sections are additive. For example, if the material of the target is
a homogeneous mixture of different types i of nuclides, the resulting macroscopic cross section is:

2:x = Zi Niax,i (2'5)

Nuclear reactions are independent from each other. This allows us to define the total macroscopic cross
section as the sum of the cross sections from all nuclear reactions:

X=Xy Zy (2-6)

The mean free path A of neutrons is defined by the average distance that the neutrons can travel in an
infinite and homogeneous material before undergoing a reaction.’ In an infinite homogeneous slab, it is
equal to:

1= % 2-7)

where X is the total macroscopic cross section.” The mean free path gives a rough estimate of the traveling
distance of the neutrons.

Nuclear reactions are usually classified into two categories: scattering reactions and absorption.” The
scattering cross-section is defined as:

Os = 0o+ 0 + Zx>2 On,xn (2-8)

where o, is the elastic (or potential) scattering cross-section, o;, is the inelastic cross-section and o, -2

the reactions that emit more than 2 neutrons, but without undergoing a fission.

The absorption cross-section oa is defined as the sum of all other types of reactions: fission reactions (o),
radiative capture (o,), and transmutation reactions (o,: an a particle is emitted; o,: a proton is emitted,
etc.).

Except the potential scattering, all nuclear reactions involve the formation of a compound nucleus and
their cross sections may exhibit high variations with neutron energy.”” Therefore, all other quantities
depending on cross sections like the mean free path will also exhibit high variations with the neutron
energy.

Figure 2-1 shows for example the evolution of the total cross section of Pu*’ with the incident neutron

energy. This figure was created using the online cross-section plotter of http://atom.kaeri.re.kr and the
JEFF2.2 library.

Three regions are observed: the thermal region at low energies where the cross section is regular, the
epithermal region that exhibits several resonances with important variations, and the high energies where
resonances are no more resolved (here we are only able to give an average value of the cross sections, but
it does not mean that there are no more resonances).
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Figure 2-1. Total cross section of Pu®’ in barn, function of the incident neutron energy (MeV).

2.2 The Particle Flux

In the reactor, each particle is described in Cartesian coordinates by:

e  Three position coordinates 7 = xT + yJ + zk

N
—

. . - g b d 7 d .
o Three velocity coordinates vV = v, U + v, ] + v, k andv = d—;. Practically, we use the

velocity module V, = |1, || = /v,? + v + vZ and the solid angle Q, which is defined by

- 1 - N - — ) .. .
0= = v = ut + nj + ek andrepresents the unit vector of direction of movement. This
n

normalization leads to the fact that only two components of Q are independent: for example, the
colatitude or polar angle 1 and the azimuth ¢ which determines all componets using:

([12+T]2+62:1 (Mm*+ €2 =1- p? = sin®>y
U= cosiy p=cosip
n = cos¢ i n=+1— u?cos¢ (2-9)

€=sin¢ €= +1— p%sin¢

Consider an elemental volume d’r. A population of particles is represented by a distribution called the
population density n(?, V., Q, t) such that n(?, V., Q, t) d3r dV,,d2Q is the number of particles at time ¢,
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in the volume element d°r surrounding position 7, in the velocity element dV}, surrounding V, and in the
solid angle element d2(Q surrounding Q.

We define the angular flux as a distribution related to the population density and its velocity:

o(TV, O,t) = n(r, v, Q,t) - W, (2-10)
\_Vf may want to sum the flux on all angular directions. By performing a distribution reduction on variable
Q. , we define the integrated flux ¢ (7, V,,, t):

¢ Vo) = [, o(F. V0, t) d20 (2-11)

To spare notations, we use the same symbol to represent the angular flux and the integrated flux. The

presence or absence of Q in the arguments will tell us which quantity we are considering. The same
convention was adopted in Hébert’s 2009 article.

We commonly use the following change of variable for V/,:
1

E= EmVn2 with dE = mV,,dV,

E 1

5 b (- 5)

where FE is the energy of the particle, m its mass and V,, the norm of its velocity vector; u is a quantity
called the lethargy, with E, the maximum energy of a particle so that # remains positive. It gives:

u=1n (%) with du =

dE = — dE (2-12)

— 1 —
¢(r’E’t):mVn¢(ri]Z)’ht)r E0>E>0
(T u,t) = Ep(F,E, t),u = 0. (2-13)

The angular flux and the integrated flux do not have a precise physical meaning.” In fact, the physical
quantity that makes sense is the angular current of Particle f It represents the number i—lz of particles of

Velocity V, passing through an Elemental Surface dS per unit of time.’

dN _ B
YT n(7, V%, Q, )V, Q - Nd2S

J#EQ0t)
= T, Q,t) = ¢(r15,0,t) 4 (2-14)

We can define the integrated current:
JE@ V)= [, T(FE Q. t)d2a = [,_o(F 1, 0,t) 0 d% (2-15)
2.3 The Transport Equation
The transport equation is the mathematical translation of the principle of conservation of the particles.

2.31 The Differential Form of the Transport Equation

Let us define a control volume V surrounded by a controlled surface 0V. We consider particles located in

V, traveling in direction Q within a d2Q interval, with a velocity equal to V,, within a dV,, interval. The
initial number of particle is equal to:

J, n(F. v, Q1) dV,d2ad3r. (2-16)
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This number is going to change during an infinitesimal time dz according to following balance relation:
(Number of particles at # + dz in V) — (Number of particles at # in V)
= (Number of particle created in V) — (Number of particles lost by collision in V)
+ (Particles entering V through dV) — (Particles come out of V through 07). (2-17)
Mathematically, the terms of the previous equation are written:

e The variation of the particle number:

$BA = [ [n(F 0,0, t+dt) — n(F 1, Q,t)] dv,d2ad’r (2-18)
e The net number of particles streaming out of V during dz:

&*B= [, ¢(F.V, Q,t)Q - NdV, d*Qdtd?r (2-19)

where N is the unit vector normal to the surface 9V, pointing outside dV. The surface dV is located at
position 7. A negative value would mean that in reality, more particles are coming in than streaming out
of V. With the divergence theorem,’ this expression is equal to:

$B= [ div[p(F V0 t)0] dV, d2Q dt d*r (2-20)
=[ V. [¢(F. V0 t) Q] dV;, d?Q dt d3r (2-21)
e The number of collisions in d’r during d is equal to:

d3¢c = f (V) [n(F, 1, Q) t) - V] dv, d2Q dt d3r

v
= [ 2@ V) [0(F .V, Q,t)] dV, d2Q dt d3r (2-22)

where we assume that the total macroscopic cross section Z is independent of Q and #. This hypothesis
simplifies the notations, but it is usually not valid. When a collision occurs, we consider that the particle
will always gain or lose some speed, or take another direction. Therefore, it vanishes from our integration
element because it streams out of dV/,.

e The number of new particles created in V during d¢ is equal to:

&D = [ Q(F,V, Q,t)dV, d2ade d3r (2-23)
where Q is the distribution representing the source of neutrons, which we will define more precisely later.
The transport equation is then written:

d3A = —d3.8- d3¢c + d3D (2-24)
Replacing the terms by their expressions, we obtain:

n(7,V,, Q. t +dt) — n(7,V, Q,t)] dv, d2Q d3r
[n( )= n( )]

4

= —f V- [0, 1, Q,t)0] dV, d2Q dt d3r
v
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— [ 2@V ¢(7, v, @, t) dV;, d2Q dt d3r

+ [ Q(F, W, Q) dV, d2Q de d3r (2-25)

The transport equation is valid for all control Volumes V, so that we can discard it in the four terms and
obtain the differential form of this equation:

[n(7 v, O, t +dt) — n(7,V,, Q,t)] dv, d2Q

= -V - [¢p(7V,, O, t)0] dV, d2Qdt

-3 V) ¢(7, V4, G, t) AV, d2Qdt

+Q(7 v, O, t) d,d?Qdt (2-26)
Finally, we divide by dz, dV},, d2Q and take the limit as d¢ — 0 so that we recognize a partial derivation
of n(#,V,, Q,t). We obtain:

(A, 0t)

o —V - [p(7V, 0, 6)Q] — 2F V) d(F Ve, G t) + Q(7 1, 0, ¢) (2-27)

We then use a formula to expand the divergence term:
div (¢pQ) = ¢ div (Q) + Q - grad (¢) (2-28)
=0
This leads to the final formulation, introducing the flux in the first term:
1 0p(FVt) = o o, = S o = o =
m =0V [0(7V, Q,0)] = 2@ V) (A, Q,6) + Q(F Vi, Qt) (2-29)
Notice that the term V}, does not depend on ¢, which explains why it can be moved out of the partial

derivation.

In steady-state conditions, all partial time derivatives upon ¢ vanish. The equation becomes:
Q- V[ ([Fn0)]+ 2F W) o(F Q) = (7%, Q) (2-30)

This form is suitable for certain methods of resolution such as the Py or Sy methods. The streaming

operator Q - V must be explicitly written depending on the coordinate system and then discretized.
However, we can also transform this equation in two other equivalent forms, leading to two other
methods of solution.

2.3.2 The Characteristic Form of the Transport Equation

We define a characteristic as a straight line of direction Q corresponding to a neutron trajectory. We then
define the curvilinear abscissa s as the distance s of the neutron on a characteristic from a reference
position 7 on this characteristic. Therefore, we can operate a change of variables:

7 () = 7 () + sQ oL
0 :{d—Q-v+ (2-31)

s — =
t=ty+ — dg Vp ot
Vn
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The previous implication is relatively easy to demonstrate with Cartesian coordinates:
ds Q = d# = dxi + dyj + dzk
d dx 0 dy 0 dz o 1 0
—= ——+ —=—+——+ = =
ds dsodx dsody dsoadz V, dt

d .~ 9 ,» .9 ,- -9 12
= - @ Ogr@ g @-batyy
d = = 1 0
= §= Q-V+ V—na (2-32)

It is more complicated with other coordinate systems, because we need to explicitly calculate the Jacobian
matrix.

Substituting Equation 2-31 in 2-29 gives the backward characteristic form of the transport equation:

do(7+ SA,V 0 t+ s/vn)

+ (7 + sQ V) o(FV,, Ot + s/) =Q(F + sV, Ot + s/V,)

ds
(2-33)
It can also be written in the forward form as:
dep(7+ sB,VpQt+ s/vy > =~ > =~ > = =
( - )+ (7 —sQ V) (A, Qt— s/V) =0Q(F — sQV,Q,t—s/V)
(2-34)

This equation will be solved by the MOC.” But we can continue to manipulate this equation to provide an
integral form.

2.3.3 The Integral Form of the Transport Equation
Let us define the optical path as:

(s, V) = fOSE (F-s Q, ) ds’ (2-35)

We start by computing the following expression:
L et x (7 — 5TV Byt — 5/1,)]
= e L (g - 5BV, T e 5/V,)]
+ (7 — sV, Dt — s/V,) o [emveW]
= e7rM % [6(7 = 5O, 0t = 5/V,)]
+¢(F— sQ,V, 0t — s/V,) x e TGV (—Z(?— sﬁ’))

d — —
_ e—r(S,Vn)< £[¢(?— sQV, Q,t— s/V,)]

+¢(F— sQ,v,0,t— s/1,) (—z (7- sﬁ))) (2-36)
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where we used the identity:

= L FsDds' = £ 2-37)

We recognize part of the characteristic forward form of the transport equation. Substitution of
Equation 2-34 into 2-36 gives:

— = e x ¢(F — sV, Ot — s/V)] = e [Q(F — G,V G, t— s/V;)]2-38)

We then perform an integration between 0 and + oo over ds:

+o00o d . .
_f == [T x o7 — G %, Gt — s/V,)] ds
0

= f0+00 e~ T(sVn) [Q (F — 50, Vo Ot— S/V}l)] ds (2-39)
= (7 W, Q, t) = f0+°° e T(sVn) [Q(F - sQV, 0t — s/Vn)] ds (2-40)

Equation 2-40 is the integral form of the transport equation for an infinite domain.” Physically, it
represents the neutron flux created by a source at distance s from a position 7. The exponential term
represents the attenuation of the sources with the distance s—the further is the source, the fewer neutrons
can reach the position 7. The attenuation coefficient is the total cross section of each mixture laying
between the source and the studied position.

This form of the transport equation is the basis for the CP method of resolution.’

In the case of a finite domain, the infinite integral must be replaced by a finite one to take into account the
fact that the characteristics are finite. We obtain:

(7 V,, O, t) = eV (7 — bV, Q,t — b/V,,)
+ Jy e [Q(F— sV, Gt — s/V,)| ds (2-41)

where b is the maximal distance that a neutron can cover on one characteristic.”> An integration has
then to be performed for all characteristics to get the flux in one position. The term

e T(bVn) (j)(? - b, V., Qt— b/ Vn) can be seen as the boundary flux, and is therefore related to the
boundary conditions.

2.4 The Boundary Conditions

Several boundary conditions can be defined depending on our models. Let us call 3V the boundary
surface of volume V, 7; a position on this surface, N (7;) the outward normal to this surface at 7;. Setting a
boundary condition means to clarify the behavior of the incoming flux ¢(7‘S, V., Q, t) for all incoming
directions: - N () < 0.7 We can use:

e The albedo boundary condition:
o (7, Vo, O, t) = B (7, V,, Q' t) with @ - N (7) < 0 (2-42)

where Q' is the direction of the outgoing particle. § = 1 corresponds to a reflective condition whereas
B = 0 corresponds to a vacuum condition.
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e The specular reflection corresponds to the case where:

Q-N@E)=-0"-NGFE)and (A A Q) - N (#) = 0. (2-43)
This necessitates a tracking of the geometry where tracks are undergoing a mirror reflection when they
reach edges. The implementation is quite difficult and requires a lot of computational resources.

e The white boundary condition is easier to implement; therefore, it is often used because it is a
good approximation of the mirror reflection. The white reflective condition considers that all
particles reaching the edge turn back to the volume with an isotropic angular distribution: for

Q-N () < 0 we have:

/

2l

N () >0[§, - N (7_)'5)] (p(?sr Vn,ﬁ', t) dza’
f_’-ﬁ(?s) >0 [ﬁl - N (7_";)] dzQ’

o 0@V D)=L fo g [T N ] 60000 0 244

T

(VO t) = B -

e The periodic boundary condition expresses the fact that the lattice is infinite and periodic—the flux on
one boundary is equal to the flux on another parallel boundary:

o (7, Vo, O, t) = (7, + 67V, O, t) (2-45)
where 67 is the lattice pitch.

Finally, we can add that inside the domain V, the angular flux ¢(7‘S, V., ﬁ, t) must be continuous across

all internal interfaces in the direction £ of the moving neutron. On the contrary, continuity is not required
along directions that are not parallel to the path of travel.

2.5 The Steady-state Source Density

In a reactor, the sources of neutrons with an energy E are mainly:
e The neutrons created by the fissions

e The neutrons coming from the scattering reactions

e The neutrons created by n, xn reactions.

This section will focus on the term Q (F, E, ﬁ) of the transport equation. We use the variable of energy £

instead of I, in the equations. As this study is based on steady-state conditions, the time dependence of
the equations is not considered. More information about transient analysis can be found in Hébert’s 2009
article and Ronzon’s 1992 article.

2.5.1 The Scattering Source

The scattering reactions can be considered as a source of neutrons; indeed, an incident neutron of energy
E"which is undergoing such a reaction can produce a secondary neutron with an energy E. We call this

source QS¢at (?‘, E, ﬁ) and we write:
oot (#,E,Q) = [, [775, (R E —E, G — ) ¢ (7, E,0') dE'd*Q (2-46)

where X (7‘, E —E, Q « Q') is the macroscopic differential scattering cross section taking into

account diffusion and (n, xn) reactions. It means that for each type of reaction, we have to know the
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probability of a neutron having a collision at a certain energy E’ with a collision direction ﬁ', and exiting
at energy E in the direction ().

Most media can be considered as isotropic, because the neutron mass is by far inferior to the mass of the
collided nuclei. A well-known exception is water,” which contains hydrogen nuclei whose mass is close
to that of a neutron. But this assumption is quite reasonable for graphite reflectors* and for the fuel
mixtures. In this case, the scattering cross section is only a function of the scattering angle:

N I} e —), 1 N I} e —)’
5,(FE — B, G — )= 235, (RF —E, 0-0) (2-47)
It is then convenient to write an expansion with Legendre polynomials:
5,(FE —E, G- 0) = Sh, = 5,GE — E)P(0 - @) (2-48)

where L is the scattering order of the medium considered. L =0 and L = 1 correspond to isotropic
scattering and to linearly anisotropic scattering in the LAB, respectively.” The Legendre coefficients
25 1(E < E',) are defined as:

S(E — E)) = [ 5,(E — E,u) P(wdu (2-49)

We can also expand the flux with spherical harmonics to approximate the integral over d(), so that we
obtain’:

Q< (#,E,0) = [ Bho et N E — E) e RI(D) " E) dE’ (2-50)
where
oM ED = [,_RM(Q) ¢(7 E, @) d?Q. (2-51)

2.5.2 The Fission Source

The fission source is due to the fission reactions, which produce some secondary neutrons. It is usually
isotropic in the LAB because they involve a compound nucleus, which disintegrates much later after its
formation. Therefore, it does not conserve any memory of the incoming direction of the neutron.’

Thus, we write:
inSS(F’ El 5) = :

fiss(3 _
e SR GE) (2-52)

K55 is called the effective multiplication factor. It enables a steady-state calculation even if the reactor is
not at the equilibrium, which would mean that the sum of absorption and leakage equals the production
rate of new fission neutrons.” The K, rr adjusts the fission source so that we go back to steady-state
conditions. If Korr > 1 the reactor is supercritical: the production rate of neutrons is higher than the loss
rate of neutrons, and the population of neutrons is increasing. On the contrary, when K¢ < 1, losses are
more important than production of neutrons, and the population is decreasing. The reactor is said to be
subcritical. With K¢ = 1, equilibrium is reached: the reactor is critical. Therefore, the determination of
this constant is very interesting in the reactor analysis for safety, operation, and design.’

We assume that the isotropic fission source is independent of the energy of the incident neutron.
However, the emitted neutrons do not have always the same energy. This information is given by the

fission spectrum y;(E), different for each fissile nuclide i. y;(E) is the probability for an emitted neutron
to have an energy equal to £ within a dE interval in the LAB.” As it is a probability, it is normalized to 1:
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J, xEdE=1 (2-53)
Thus, the isotropic fission source is written:
. 5 fiss +0c0 S5 oy S 1y ,
QFisS(#,E) = ¥h_ x;(E) [, vEe;(RE) ¢(F E") dE (2-54)

where J7%5% is the total number of fissile isotopes; v is the number of emitted neutrons per fission, taken as
constant here; and Z¢ ; (7, E) is the macroscopic fission cross section of the j*fissile isotope.

2.5.3 Complete Source Expression

When we add the two source terms, we obtain’:

- = +oco 21+1 - ; = - 7 ’
9(7,E,Q) = [, fzoﬁ (G E <« E) Yo R™MQ) " (H E) dE (2-55)
1 ]fiss

+

2

+oo 2 r 2 r ’
ey, 2= (B JyvEg (7 E) ¢ E) dE

We can remark that:

¢ E) = o7 E). (2-56)

The substitution of this term in the transport Equation 2-30 leads to the singular form of the transport
equation. As stated in Reference 2 it is an eigenvalue problem:

e The neutron flux appears in each term. ¢ = 0 is a trivial solution. A set of nontrivial solutions
(eigenvectors or eigensolutions) exists for some discrete values of K,¢¢. The possible K, ¢f values are
the eigenvalues and are associated with eigenvectors ¢p. The fundamental solution corresponds to the
maximum possible value of K, and is the only eigensolution with a physical meaning.”

e The flux distribution corresponding to the fundamental solution is positive or null everywhere. All
other solutions are harmonics and become strictly negative in some regions. A linear combination of
the fundamental eigensolution and of the different harmonics can lead to a solution that is positive or
null everywhere, which would have a physical meaning. However, we always use the approximation
that the flux is well represented by the fundamental solution, without corrections by the harmonics.?

e The flux distribution of each eigensolution can be arbitrarily normalized. The value of the
normalization constant is usually computed from the thermal power P of the reactor that is measured:

P= [""[ HGE) ¢@ E)d*rdE. (2-57)

where V is the volume of the reactor and H (7, E) is the power factor giving the recoverable energy in
terms of the flux.

We recall here that in theory, from a neutronics point of view, any power can be achieved by any reactor
if it is able to become supercritical. The neutronic limitation only occurs, for example, if the increase of
the temperature changes the cross sections and provides a negative feed-back strong enough to decrease
K¢z under 1. But the power does not depend directly on the resolution of the steady-state transport

equation.

2.6 The Transport Correction

Solving the transport equation with linear anisotropy in the scattering source is difficult. The method of
collision probabilities shown later is not even able to deal with anisotropic sources. Therefore, it has been
imagined to “trick” the cross sections, so that a calculation in isotropic condition would take into account
some linear anisotropic effects. The principle is to add a forward-peaked component in the Legendre
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expansion of the differential scattering cross sections.” This special treatment of the cross sections is not
strictly mathematically correct; however, it is widely used. This additional component takes the form of a
Dirac delta term:

- ! l — - - !
5,(FE — E, i) = St 5 (R E — E) P(u) + AZ(F E — EN8(1—1) (2-58)

where £ (7, E «— E") P;() is a modified Legendre coefficient and AZ. (7, E «— E) is the
additional coefficient multiplying the Dirac delta term. They are computed so as to preserve the Legendre
moments:

vie [0;L+1] G E —E) = [ 5(FE — E, ) P(u) dp. (2-59)

Using P;(1) = 1, we obtain:

{vie[0;L], S, E — EY+ A5, (7B — E) = 35(E —E) (2-60)
85, (7, E'— E) = 35(E —E)

Then, writing L = 0, we have:

5,(FE — Ep) = 2 [5G E — E) = 5,(FE — EN|+ 5,GE — EDS(u—1)  (2:61)

We then substitute in the transport Equation 2-30:

Q- Vo(7 EQ) + (7 E Q) ¢(F EQ) — [[72,(FE — E,Q) ¢(7 E, Q) = Q7 E, Q) 2-62)

where the transport-corrected steady-state source is now written:

— - 1 [+

Q(F E,Q) = P f [Z0F E — E) = 2,(FE — E)| ¢ (FE)dE’
0

1
AntKerr

fiss © 4 r -4 r ’
S E) [ vs (R EVGGED dE (2-63)

Another approximation is required to simplify the left-hand side of the equation. In DRAGON, we have
always been using the micro-reversibility approximation, which is usually valid in the thermal
equilibrium energy domain where all neutrons are in quasi equilibrium with the nuclei.” It is written:

S, (FE — ENG(FE,Q) = I,(FE — E)¢(7E, Q) (2-64)

We do this approximation over the complete energy spectrum, even if it is quite optimistic. It leads to:
Q- Vo(#E Q)+ 2 E) ¢(7 E, Q) = Q(+ E, Q) (2-65)
with:

X(# E) =X E) — AX (T E)
AL, (" E) = 0 2,1 E'" — E)dE’
The source Q (‘F, E, ﬁ) can also be written with a transport correction:
_ - 1 (*
Q(F E Q) = Ef [Zs0(F E — EN]| ¢(# E) dE’
0

1 fiss +oo S ,

(rrow Yio i (E) fy  vEig (P ENG( E) AE (2-67)
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with:
So0(FE « E) = S0(FE — E)— 8(E' — E)AS, G E). (2-68)

2.7 The Multi-group Steady-state Transport Equation

The variation of the cross sections as a function of the energy of the incoming neutron is analytically not
known. Therefore, it is necessary to discretize the energy domain in intervals in which we will consider
that the cross sections are constant and independent of energy.’ Those intervals are called groups. They
can be of various widths. The more groups we take, the better we will be able to approach the real
behavior of the cross sections. However, a compromise has to be struck between the accuracy of this
representation and the computational limitations (time, memory). Optimizing the number of groups for a
calculation and the position of the boundaries is a huge task in itself, outside the scope of this work, and
several propositions can be made. Usually, deterministic codes use between 150 and 400 groups for the
lattice calculations, and less than 50 groups for the whole core calculations.” An energy condensation is
performed between the two calculations to reduce the number of groups. We also assume a separation of
the energy dependence from the space and angular dependence within each group and within the region of
interest.

We write below the transport equation in its three forms with G groups:

vge [1;G],

Q- Vg (7Q)]+ 2,Py(7Q) = 9,4(7, Q) (2-69)
= M+ 5,7+ sQ)gy(7,0) = 9,(F + s, Q) (2-70)
= ¢g(70) = [ 7 e 9@ g (7 - s0,0)] ds (2-71)

with the optical path in group g:

T4(s) = fos Sg(F — s’ﬁ) ds’ (2-72)
and the source density which couples the groups between themselves through the terms:

S5 and (xj4):

0y (7 0) = Sfims Sho " Zunges) Shnmma RI (D) ST (2-73)

1 ]fiss G . .
4K o5 Yijz1 Xjg Li=1 V281 4(T)

Performing a transport correction is also possible and leads to:

vg € [1;6],

0 - V(g 0)] + Zg(Dpg (7 3) = Qg(7.0) — - AZ4r g (Mg ) (2-74)
2.8 The Collision Probability Method

The collision probability method is an old method of resolution of the transport equation, which is still
used because of its relative robustness and speed.’

We start with the integral form of the transport equation, discretized in G energy groups:
vg € [1;6],
20)= [[Pew® [g, (7 —s0,0)|ds 2-75
9 0 g
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We consider a lattice constituted by an assembly repeated to infinity with / regions where the materials
are homogeneous. Each region will be referred to as a volume V;.V;* refers to the infinite set of the same
type of Regions V; that are repeating themselves in all the assemblies.

The collision probabilities method assumes isotropic sources. The idea consists of discretizing the integral
in each / region and producing a matrix of / x [ size in each energy group.

- 1 to —>
6y = [ a@Baa= [ [ et (-sh)as e
4 41 )y Jo

—Tg(s)
e ¢, = ﬁfm %Qg (#)d3r’ with a change of variable:

s= 7=
> > 1 - Z e_T-g(S) 4
= fvj Zq (Mg (F)dr = ;fvj Zg(T‘)iQi,g fvi“s—zdsr d3r (2-76)
The source is explicitly given by:
1 ]fiss
Qig = X Xs0,i,g /i, /o T Fﬁ Zj:l Xj,g X V¢ i /e (2-77)

fiss
Qig

The integration is performed saying that the flux and the cross sections are constant within a Region V;.
Therefore, the calculation is straightforward and leads to the equation’:

ViZigpig = i QigViPijg (2-78)
where

V-

1 .
¢j,g = 7 d)g(r) d°r
717V

1 = =
T = 5 f 2y Py (7) d3r
jPi.g v

1 N e—Tg(S) ,
Piig = gy dyeo by Ze@® —— Er &r (2-79)

N

We see that the terms P;; ; form a matrix (Indexes i and j) for each group. They represent the probability
of a neutron being born uniformly and isotropically in any Region V; of the lattice to undergo its first
collision in the Region V; of a unit cell or assembly. If the total Cross Section X, (7) is constant and equal
to Z; 4 in Region V;, we can define the reduced collision probabilities by:

Pijg e "9

— — 1 3 3,7
Pig = 50 = ey, drd’r (2-80)
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The reduced collision probabilities have two properties:

V(i,j)eNp; Vi = Vij (2-81)

Pjig

Vi e N ,EPij,ng’g =1
j

*Pijg

Thus, Equation 2-78 can be further simplified to:
Thus, Equation 2-78 can be further simplified to:

big = Lj Qgpyg: (2-82)
It can be written in matrix form:
o, =P 0, (2-83)

with @, being the vector containing the fluxes in each region, F; the matrix of the reduced collision
probabilities and Q4 a vector containing the sources in each region V;, ie I with [ the total number of
regions:

by = (¢i.g)ie, Py = (Pij.g)(i,j)elz Qg = (Qi.g)iel (2-84)
Further transformations are performed for numerical reasons.

The CP algorithm proceeds in three steps™:

1. The geometry is tracked, which means that we draw a sufficient number of characteristics over the
entire geometry. Typical tracking parameters are the number of angular directions for the tracks and
the density of parallel tracks on a perpendicular segment per centimeter. Each time the characteristic
encounters a boundary, another track, or a change of composition, it delimits a segment.

2. The integration of the collision probabilities is performed by assuming that the cross sections and the
flux are constant on each segment. Parallelization is possible to compute each matrix in each group,
because there are no interactions between them.

3. Finally, the integrated flux is calculated with iterations using Equations 2-82 and 2-77.
In the case of a finite domain, the tracks are cut at the boundaries where we set boundary conditions.

For large domains, an alternative to the traditional CP method consists of considering several uncoupled
regions instead of one large coupled region. The calculation is performed in each region separately. The
regions are then recoupled together by the knowledge of the interface currents on each edge surrounding
each cell.? An iterative scheme shall converge to the solution satisfying both inner transport equations and
interface coupling currents. Those currents obey a balance equation: the outgoing current of Cell A into
Cell B is equal to the incoming current from Cell B to Cell A.

Again, like in the Py method, the outgoing angular fluxes are expanded on an orthogonal basis of flux
functions {l/)i(ﬁ N )}ieN with @ - N > 0 where N is the outgoing normal of the considered cell.

We usually limit ourselves to the Orders 0 or 1. Cutting the expansion at the Order 0 means that we
consider an isotropic outgoing current. The first order introduces the possibility to have some anisotropy
in the direction of the current, which is much more accurate and usually preferable.



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part ll: Prismatic Reactor
Cross Section Generation
22 March 2011

2.9 The Method of Characteristics

This method uses the characteristic form of the transport equation:
vg € [1;G,

d@g(F+ S(_i,ﬁ) N — 5 =\ N - —

—E——+ Iy(F + sQ) 8,(7,Q) = Qu0,(F + 50, Q) (2-85)
The MOC consists of tracking several characteristics over the domain and following a neutron traveling
through an entire characteristic from one side to the other side.” On the contrary, the CP method considers
a point and counts the number of neutrons able to reach it from the other regions. But the two methods

have a similar philosophy, and the same tracking file can be used.’

The characteristics are crossing different regions, and therefore are cut into K pieces, K being an integer
representing the total number of regions crossed by one characteristic.” We consider the average flux on
each segment and the average source:

1 (b .,
q.')k,g E—fo ¢g(rk+ sQ)ds

1 1 N - =
Qig = Zfokgg(rk +5Q,Q )ds (2-86)

where 7} is the point of entry of the characteristic inside the region k. Thus, we have ry,, = 7 + lkﬁ.

We consider a constant total cross section X ;, and also usually a constant isotropic source on the
segment:

vse [0,L], Qy(F + s0,0) = L (2-87)

4T

With this approximation known as the step-characteristic approximation,” we can integrate analytically
the transport equation over one segment:

dopy, g (F+s0,0) S — o=y Ok,

oy Zrg(F+ Q)i o(7,0) = ol 0-55)

- Ok,
= 3¢y ER/Pyy(s) = ppe "ks® + JTkg’glk
With the help of the boundary condition, we find the constant ¢:
Ok,
¢k,g(5 - 0) = ¢k,g = ¢0 + 47Tzi,g lk
Qk,g

= = —

¢0 ¢k,g 47Tzk,g k
= Prg(s) = (¢ — ko ) eZkgS 4 2o (2-89)

k.g k.g 4n2k,g k 471’2k,g k
It leads to ¢y 4q 4 fors = I:
- Q -

Prsrg = Prge T+ ol (1 — e Pkalk) (2-90)

42y g

We can also discretize the derivation operator of the transport equation assuming that [, is small and
replacing the flux by a constant inside the segment 1. It leads to another relation’:

9k,
Prirg — Prg + ZrgliPrg = 2 (2-91)

41
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where ¢y 4 is the average of the flux on the segment.

When we replace ¢y 41 g by its expression in function of ¢ 4, we obtain:

-2 4l
= P () oEugh) 4 s (1_ M) (2-92)

Zkglk 4nZy g Zkglk

The source term still depends on the flux. Equations 2-91 and 2-92 will have to be solved by iterations,
taking care of the fact that the optical path 7, ; = Xy 41, must remain small.

The interest is that it produces matrices of size N; X L where N; is the number of regions and L the
number of interfaces. The CP method generates matrices of size N;, X N;, and for large domains we have
N, > L. Therefore, the MOC is often recommended to do calculations over large domains if memory
must be spared. But on the contrary, the CP algorithm reads the tracking once and then computes the
matrices of collision probabilities, whereas the MOC algorithm needs to read the tracking at each
iteration, which decreases the calculation speed. It explains the importance of preconditioning and
acceleration methods for MOC to converge within a reasonable time.’

2.10 The Discrete Ordinates Method

The S,, method starts with the differential form of the transport equation by discretizing the angular

variable Q into 7 directions.* The letter S stands for straight lines.” Each direction is characterized by a
direction cosine. Those are chosen to maximize the accuracy of the integration—a quadrature is used to
weight the importance of each direction (e.g., a classical Gauss-Legendre quadrature).” The method

provides a convenient way to discretize the streaming operator Q- V(j) (?, ﬁ)

This method cannot be explained without a coordinate system to explicitly write the streaming operator.
For example, in Cartesian coordinate system, we would have:

Q= pi+ nj+ &k with u2+ n2+ &2=1

= Q- V= ,uax+ nay fa (2-93)
For a one-dimensional x-oriented slab geometry, it gives for example'’:

e+ 2| g ) = Tho = QPR (2-94)
We see that a discretization of u leads to a coupled set of equations:

¥n € [N [inas+ 200| o) = Tho™or QuGOP () (2-95)

with the flux ¢,,(x) = ¢(x, u,,). This enables us to compute the Legendre moments of the flux, which
will be given by:

d1(x) = IN_ w,ppP(uy) Where w,, is the quadrature value. (2-96)

Each problem needs to be studied separately: first a correct expression of the streaming operator has to be
given. Then the Sy discretization can be applied to it. This method is very efficient, but was not available
for hexagonal geometries in DRAGON.’ However, we have been using it on a cylindrical geometry for
our reflector calculations.
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2.11 Other Elements of a Lattice Code
2.11.1 Neutron Slowing Down and Resonance Self-shielding

The neutrons produced by fission reactions are generally emitted at a high energy. At those energies, their
probability to lead a nuclide to undergo a fission is low. They usually undergo scattering reactions until
they reach the thermal energy domain, where the fission cross sections of the fissile isotopes are much
higher. Up-scattering can only happen in the thermal domain. It describes the fact that a neutron, which
has been slowed down below the thermal agitation energy, can regain some energy while encountering a
nuclide. This phenomenon is limited to the thermal energies; it cannot take a neutron back into the highest
energies.” The neutron slowing down is essentially the consequence of collisions with light nuclides, such
as water or graphite, which are put intentionally in the reactor to increase the fission probabilities. Such
materials are called moderators.” The slowing down effect of heavy nuclides is small because the mass
difference between a single neutron and heavy nuclides prevents them from being efficient moderators.
We can write a simplified version of the transport equation without the fission source called the slowing-
down equation, where we separate the two slowing-down terms according to the type of nuclides:

0-Vo@FEu0)+ s@¢we (Fud) = = [R* (¢ Fu.d))+ R (¢ (Fud))] (2-97)
where:
i (qb(?, u, S_i)) = slowing — down operator for light nuclides

R (d) (F, u, ﬁ)) = slowing — down operator for heavy nuclides

+o0
R (d)(?,u,ﬁ)) = f th(Fu — u,ﬁ) ¢(7,u) du’
= 2
R* (¢(F,u,ﬁ)) =f i (Fu —u, Q) ¢ u) du’
0

During the slowing down process, the absorption cross sections of the heavy nuclides stay low on
average, but they show narrow, very large peaks at certain energies in the epithermal domain (see

Figure 2-1). Those peaks are called resonances. A neutron coming out of a scattering reaction with an
energy located right on a resonance will have a very high probability of being absorbed. Therefore, the
flux will be depressed within every resonance because most neutrons arriving at those energies through
the scattering reactions will be absorbed.”” Fortunately, the resonances are usually much narrower than
the lethargy gain of each scattering reaction so that overall, only a small number of neutrons are absorbed
and the flux depressions remain small.’ Paul Reuss describes this phenomenon in his book’ with an
analogy involving kangaroos—the lethargy interval gained by a neutron at each scattering reaction during
the slowing down is much bigger than the lethargy width of a resonance, so that a neutron has generally a
large probability of skipping the resonance region in three or four jumps, as a kangaroo would jump
above deep but narrow traps.’

A first solution to deal with the resonances would be to discretize the energy variable enough, so that we
arrive at the experimental curve of the cross sections. Some codes have adopted this way, in particular the
codes preparing the cross-section libraries like NJOY99. However, it is not feasible to apply this solution
in neutronics codes because it would require more than 12000 groups of energy; any calculation would
have prohibitive costs of time and memory, and the convergence would be very difficult to achieve.

With a coarser energy mesh (e.g., 295 groups),'" it is not possible to describe all resonances in the
epithermal domain. Taking an average without precaution would result in a stronger average flux than the
one observed because resonances are not described. This phenomenon is called resonance self-shielding.’
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The retained solution is to adjust the cross sections to recover somehow the average flux that would have
been calculated with a very detailed energy mesh describing the resonances. The cross sections that lead
to the correct average flux in the resonance regions are called self-shielded cross sections. They are
calculated by the formula:

f$5_1 0pg® W) du

Grg= Mg L1 (2-98)
p.g g Ji9_ ) du

where 1 is a superhomogeneization factor that stands to correct the geometrical differences, and u the
lethargy.

This procedure conserves the reaction rate that would be obtained with an exact calculation of the flux.
The difficulty is that we do not know this exact flux. To solve this problem, Livolant and Jeanpierre have
proposed a series of approximations.”'? The first one is that the effect of the resonances would be the
same whatever the geometry; therefore, the flux can be separated into two pieces:

o(71,0) = (7 u0) x P u) (2-99)
where (p(?, u, ﬁ) is a resonant fine-structure function carrying the resonance information, and ¥ (#, u) the
macroscopic flux that would be observed without resonances.

It is also the asymptotic behavior of the flux between the resonances.

The macroscopic flux is affected by the slowing down operator for nuclear reactions with non-resonant
isotopes, but not by the slowing-down operator for resonant nuclides. On the contrary, the fine-structure
function is only affected by the resonant operator. We write:

Z* (p(F1,0)) = 54,F WP w)

£ (¢(7,u,9)) = $F W (97 w) (2-100)
Another approximation consists of assuming that the macroscopic flux is spatially flat:
Q-Vo(Fw) = [ w0) Q- Vo(#ud)] (2-101)

This approximation enables us to simplify the macroscopic flux from the slowing-down equation and
obtain an equation for the fine-structure function, which will be solved using more approximations. The
fine-structure function will then be used to compute the self-shielded cross sections:

= - - = - - 1 - -

Q-V go(r, u, Q) + X we(u) = o [Z;’(r, w)+ X (go(r, u))]

L g et du (2-102)

%9 = Mo T anau

Solving Equation 2-102 requires approximations on the slowing-down term before using classical tools of
solution of the transport equation. Several possibilities have been tried, and it is still an object of
interesting research. One possibility is called probability tables and has been widely used in the
DRAGON calculations.” It consists of replacing a Riemann integral by a Lebesgue integral and then
approximating it by Dirac Delta functions. Mathematically, we have:

J ! [4o Tp.g (p(ap,g(u)) du = fomax(ap'g)l'l(a)ap,gqo(a) do

Ug—Ug—q1 “Ug-1

Riemann integral Legesgue integral

\Approximation: ()0, 40(0) = TR_16(0— 0gx)wk0pgxP(0gk)
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= #g_lﬂg_l f:qg_l Opg @ (ap,g(u)) du =~ ¥R_16(0 — ogx) w0, 419 (04 k) (2-103)
The set of values {wk, ak,g}k € [1; K] is the probability table of Order K for Group g, and for the reaction
and nuclide considered. The wj, constitutes a quadrature set. More information about their establishment
and the details of this method can be found in articles from Livolent and Jeanpierre, Cullen, and Ribon
and Maillard.>'>"* This method is currently considered to be one of the best to calculate the self-shielded
cross sections.

The self-shielding step is very sensitive in a calculation scheme, because it directly affects the cross
sections used for the solution of the transport equation. It can potentially create significant discrepancies
between different codes. It is also one of the major differences between deterministic codes and Monte-
Carlo codes that use continuous energy group structures.

2.11.2 The Homogeneization and Condensation: SPH Equivalence Technique

Once the transport equation has been solved, lattice codes are asked to produce homogenized cross
sections for full-core calculations. In addition, full-core calculations are usually done with fewer groups to
gain speed. Therefore, a condensation has to be performed (e.g., from 295 groups to 26 groups).

Merging the cross sections over different regions requires one to establish a macro-balance relation
between the detailed cross sections and the merged one. We perform an average of those cross sections
weighted by the flux. This procedure is called the flux-volume homogenization."

Let us define a collection of N regions of volumes V;, i€ [1; N]. The volume of the merged region is
defined by:

V= YNV (2-104)

Let us consider that the lattice calculation has been done with a set of G, groups, g € [1; G] and that we

would like to condense it to M groups, M < G .We define M}, as a collection of several groups g €
[1; GI, so that U fL, My = U$_; Gg.

A lattice calculation provides the heterogeneous fluxes ((Z)L-,g) in each group g € [1; G] and region

i € [1; N]. The homogenized cross sections of the merged Region V},, are calculated by the following
formula for Reaction x:

. Ygemy i1 Zrig|Vidig } Reaction rate 2-105)
mk = -

o YgeMy N, Vidig }Integrated flux

Theoretically, this procedure conserves the reaction rates calculated by the lattice calculation. This is
achieved only if, when using the merged cross sections, the full-core calculation produces for each coarse
energy group k a homogeneous flux @y, , equal to the integrated flux calculated above."” But in fact,

this situation is not very likely to occur. In this case, the full-core calculation is producing a homogeneous
flux ®p o,  so that we have:

N
q)hom,k * deMkZi=1 Vi¢i,g

zx,m,kcl)hom,k * deMk Ziv=1 z:x,i.gViqbi.g (2'106)

If we think that the reaction rates provided by the lattice code are better than those obtained in the full-
core calculation using the simple flux-volume homogenization, then it is possible to force the
conservation of those reaction rates by doing a super homogenization (SPH).>'>'¢

It consists in adding a constant y;, called SPH-factor during the homogenization:
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N
& ZgEMk Zi—1 z:x,i,gVi(l)i,g

Zymk = Uk N (2-107)
,m, ) V:d;
SPH:ﬁlctor Zgemy Lisa Vidig

This SPH-factor is determined so that we preserve the reaction rates:
& N
z:x,m,kcl)hom,k = deMk Zi=1 z:x.i,gVi(l)i,g

ngMk Zﬁ1 2:x,i,gvid’i,g _ N
= Uk Sgemy SV Vidig * D romk = deMk Yi-1 2:x,i,gVi(]bi,g

Ygemy T Vit
o Mo iPig (2-108)

q)/zom,k

The algorithm starts at iteration i = 1 with: Vk € M, up = 1. It produces a first set of homogeneous
fluxes in each coarse group (CD}llom k)keM . Then we compute the second set of SPH factors, use them to
’ k

correct the homogenized macroscopic cross sections, and redo the full-core calculation. This second
iteration produces a second set of homogeneous fluxes and a third set of SPH factors. We iterate on the
process until the SPH factors are converged:

i+1_ i
Hrp — Kk
i

Ve € ¥,3i € R*,3i € N*/Vke[1: M] S € (2-109)

Certainly, this procedure is time-consuming, because we have to do the full-core calculation several times
before reaching convergence. However, the full-core calculation may be fast and when it converges, the
SPH homogenization ensures that we correctly preserve the reaction rates of the lattice calculation at the
core level so that the solution may be much more accurate. This is particularly true regarding the power
shape in the core.

2.12 Full-core Calculation: the Py Method

Two classes of methods are used to perform whole core calculations within a relatively short calculation
time: the diffusion codes and the transport Py codes. Other transport methods would require too much
time and memory to be efficient.

Diffusion codes necessitate the calculation of a diffusion coefficient after the lattice calculation. This is
done using leakage models and the fundamental mode approximation. This strategy is well suited for
reactors moderated by water because each assembly is quite decoupled from their neighbors. The mean
free paths of the thermal neutrons are small regarding the dimensions of the assemblies, so that the
fundamental mode approximation is well verified and the diffusion codes give good results. But for
reactors with higher mean free paths like fast reactors or graphite moderated reactors, the diffusion
approximations may be less suitable. It explains why transport codes were developed for core analysis
purposes to avoid the diffusion approximation.

The Py method is based on an expansion of the streaming operator with spherical harmonics and
Legendre polynomials. The integer N of Py represents the order of truncation of the series.
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2121 The P4 Equations

We will first explain the P; equations with only one group. The derivation in multi-group theory is similar
and will be developed later. To understand the derivation, keep in mind the following identities'’:

J,, d2Q = 4m (2-110)
J,,Qd?Q =0 (2-111)
J,. A -Gd?a =0 (2-112)
- - - 4 -
[n 2 (2 A)d*0=—A4 (2-113)
2 __7-[ - - )
[ (8- A)(@-B)d*a==4-B (2-114)
Q-A)(3 -B)ad?a=0. (2-115
4T

where 4 and B are two vectors that do not depend on Q.

We approximate the angular flux by:
S LR 1 5 32 P oo
¢(FE Q)= ¢ E) + -0 - ¢1(FE). (2-116)

We remark that those coefficients have a clear physical meaning’:

¢ E) = [, ¢ (7 E 0)d>Q (2-117)
3 - - —

= L@ E) [0 T Jin $1 (G E) - Qd2Q (2-118)

S <
= 4o E) @-119)
J@&E) = [, ¢(#E 0)Qd2Q (2-120)
2 2 2

- Lo ln 10+ LB o )“)Qd 2 @121
? L(FE

= §,6.B) C-122)

Therefore, we will directly redefine the angular flux with the physical expression of the coefficients:

¢(7 E,Q) = ﬁqﬁ(ﬁE) + %ﬁ G E). (2-123)
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We transfer this approximation in the transport equation and we integrate over 4m with infinitesimal
volume d?Q:
f q - V[e(7 E Q)] d2a+ j (7 E) ¢(7 E, Q)d*Q
4T 41
I I
teo — — —
=f f f L (FE «— E.Q «— Q) ¢(#E, Q) dE'd*Q’ d?Q
4 41 YO
I3
1 fiss . +00 SN (2 R /
+4nxeff2§=1 S Xi () [ 05 ;R ED (7, E, Q) dE'd?Q. (2-124)
Iy
We will then deal with each term separately.
— — - — — — 1 - 3 = =N
0-V[pFHED] = 8-V [-¢@E) + =0 - JG.B)] (2-125)
1 = — N 3 = - = =N
= Q- Vo E)+ Q- V [Q- J# E)] (2-126)
L= [,_0 V[p(#E Q)] dQ (2-127)
1 = - — 3 — - r— =N
= - VoG E) - [ Qd*a+ [, Q- V[0 ]FE)]dQ (2-128)
=0
3 — - =APN
= .0 V{[Q-J@#EB)] d*a (2-129)

3 1 > —N\ —>

oI = —f f div[(J 7 E) - Q) Q] d?Qp?dp
4 Jo Jan

using the Green-Ostrogradski theorem:

3 - —N — —
= — 7 . . 2
= = M(](r,E) Q)Q - Qd*Q

using the Green-Ostrogradski theorem in the other direction:

3 - — — —
= — r . . 2
), U#E) - Q) (9219) d?Q

3 fl S
= — div J(#,E) d?Q p?dp
4 Jy Jan

3 S L
= — div] (,E) f d?Q p? dp
4m 0 J4m

div J(# E).

(2-130)
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12=j (% E) (7 E, Q) d2Q
41T

1 3 — -
X —¢(#E — QO - J(# E) d?Q
| me@m+ 06D

1
il > 2
yym Lp(7,E) d<Q

am
= Xp(# E). (2-131)

For the scattering source, we also assume a P; approximation:

—

S(FE —E. 0 — 0) = —3gFE — E)+ =X, (FE — E) 0 - 0. (2-132)

Using this, we have:

+00
13 = f J— f ZS(F,E (—E"ﬁ — 6') d)(F’E"ﬁ;) dE'dZQv dzﬂ
41 Y41 YO

torq 3 N
—3. (7 E EN+ —X.,(F E < E' Q'Q'] X
LT[ LHL [47_[ so(r < E") - s,1(r < E"

1 3—) -
_ = 0. s nl) '120'42
Lmqb(r,E) + o1 ](r,E)] dE'd2Q'd20

1 [* ,
= - j Soo(E « E") ¢(# E) dE'd2Q
0 4T
= [Y°50(E < E) ¢(F,EY) dE’ (2-133)
Indeed, we remark that:
i), Q- Gd2ad? = [,_Qd2Q- f,_G'd>Q =0 (2-134)
=G =0

For 1, we just integrate the angular flux, which leads to:
]fiss

1 +00 /
= Zf X (E) j v (7 E) ¢(7 E) dE'd?Q
4mKerr &t Jan 0

— 1 ]ﬁss oo 2o 2 nl) !
= @ijl xi(E) [, vigi(FE) ¢(FE) dE (2-135)

Finally, we obtain a first equation:
divJ(# E) + 2¢(F E) = f0+°° Soo(E « EN¢(# E) dE’ (2-136)
1 fiss +0oo - r - h ’
+ Fﬁzjzl x;(E) [ vEe; (R E) ¢(FE) dE.

A second, vectorial equation can be obtained by multiplying the transport equation by Q before
integrating over 47 on d?Q:



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part Il: Prismatic

Reactor Cross Section Generation

March 2011 31
f @ - V[¢(7 E,B)])Ba2a + f 57, ) (7, E, 0)6d20
41T am
I1 Iz
= [, ) JT75(FE « E,Q « 0) ¢(7,E,Q)AdE d*q’ d? (2-137)
I3
1 fiss +o0 5 ; 5 R , ,
+ e Yoy L xi ) [y vig; (R ED [, (7 E, Q) O dE'd?Q’ d?Q .
Iy
In this case, the simplification of the streaming operator part is not totally obvious.
h- | @ T[eGE @) den
am
= [ (@ 7[00+ =8 jG.5)]) Ao
. 41‘[¢ " 41 J(
1 = o = 3 = S (e 72 =
= [0 V(@) ada+ =, [Q- v (Q- ](r,E))] ad20 (2-138)
Ig Ip
1 v > 0 42
I, = Efwﬁi- V(o E))] Qd*a (2-139)
= LG a2 -
=3 VoG E) (2-140)
= - grad¢ (7, E) (2-141)
For I, we have to work on the integrand: we expand the gradient:
V@-D=@-Nj+7-V)a+aarFTaN+TA(AQ). (2-142)
We take the scalar product with Q:
V@) G=(@-))]-0+(0 9)G-G+0AFA))0 +TAFAH) -8 143
=1 = —
=0 because QLOA(...)
=@-Nj-a+7-V. (2-144)
Recalling that rot Q = 0 because Q is a unit vector, we replace in the integral [}:
3 — - — =N —
==/, [0-V (@ J&p)| daa (2-145)
3 —> =4 —N = 3 - —N =
= —[.(Q N7 -Q)ada + o U -V) 0 d%0 (2-146)
=0 =0
__— (2-147)
Thus, we have:
I = f @ -7 [$(7E0)]) & a2
4m
= égrad o1 E) . (2-148)
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I, = [, 3FE)¢(+ E Q) Qd2Q (2-149)
= (% E) J(# E) by definition of J(7 E). (2-150)

+00
13=f f f ZS(?,EeEl,ﬁe K_l)')cp(ﬁE’,ﬁ')ﬁdE’dZQ’sz
am Jam
- +w12 FEE)+ 5, (FcE)G. O
[T e e T - d m)
Lo 3_"*-”"’2'2
X [E¢(r,E)+ s ](r,E)]QdEdeQ
2 o N (= e N ,
- (%) f47rf47'[ fo+ Za(E<E)(Q- Q) (ﬂ’ ’ ](r'E))QdE d*q d*0 (2-151)

Other terms are null because: fmﬁ d20 = 0 and Jun Q'd20' =0

2 ,400
I3 = (i) f 2 (E < E)f (ﬁ/ . f(FE)) f (ﬁ . 5,) G 420 d2Q'dE’
41 0 n i

4T~

_Q'
3 +oo ! A 72 ! Ry ! '
= 2 [7su(E<E) [, (O JFE)) D0 dE
=T (RE)
= 72 (E < E)J (E) dE’ (2-152)
The fission source disappears:
_ jriss +oo ,
Iy = — ffz xi(E) [y vie; (R ED [, o(FE, Q)f Qd20 d2Q'dE (2-153)
fiss ) o) N , ,
= e Zjmn XIE) [ vy GO ED{ b [ T2 (2-154)
+ (AT ( dznf} Q d2Q dE’ (2-155)
5 =0
-0 (2-156)
Finally, we obtain the second equation:
sgradp (i E) + 3G E) G E) = [ "2 (E « E) ]G E") dE’ (2-157)

The P, approximation consists in resolving the system®:
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+00
div J(; E) + L¢(#E) = j 2o(E « ENp(# E") dE’
0
]fiss

1 +oo . .
2 (E) f v8g, (%, E) $(F, E) dE'
=1 0

Kery 4

A

+

1—) - +oo -
égradqb(F,E') + X(FE) JE) = fo S, (E « E"J(# E") dE’

2.12.2 The Equivalence of P4 and Diffusion in One-group Theory

We will now assume that all neutrons have the same energy: the P, system becomes®*:
J fiss

> v (9

j=1
=S

[ .
édiv](F) + Zp(P) = Z00(F) + 7
eff

1—) =4 -
lggradqb(?) + IA@) = 2@

Notice that the macroscopic differential cross section X¢; (E < E') had the dimension of a macroscopic
cross section divided by energy (cm™.J") whereas 2, is a macroscopic cross section, whose dimension is
cm’. Therefore, the previous formulae are homogeneous.

. . . . . . 2
We can rewrite those equations with the average cosine of the scattering angle iy = 3 and the transport

cross section Xy,

- _ ZSl _ - _
Ho = o= Zp = Z50(1— flp) Zg= Z— Zg
ZSO
div /() + 2,0 = SF)
— «® ] e (2-158)
Lgrad ¢(7) + [Za() + Zu @] =0.
In the second equation, we recognize Fick’s diffusion law:
J@ = —Dgrad ¢(#) with D = —— (2-159)

3+ Zq)
The substitution into 2.158 leads to a neutron diffusion equation®:

DAG(F) — Z,0 () + SGF) = 0.

S 1, 5, S _ . _ [p_ , 1 )
S A(F) — L—Zd)(r) + - =0withL = SN Eae (2-160)

The previous development demonstrates that solving the P; equation is equivalent to solving the diffusion
equation when we just have one energy group.® In this case, we could mimic a diffusion calculation with a
P, solver by performing the following change in the solver:

s 1
Liotal = 3D Xo+ Ly (2-161)
£,=0 (2-162)
& 1

S0=Zuy =5 %4 (2-163)
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assuming that we know D, ;¢4 (or Z,)and Xy,

Replacing the normal cross sections in 2.158 by the cross sections defined with a tilde above will lead to
the exact formulation of the diffusion equation using the P solver. Therefore, it is a good way to mimic a
diffusion code because the two solvers should give the same answer.'

The independence of cross sections and fluxes from energy is clearly an approximation The following
subsection demonstrates the consideration of more than one group of energy and its outcomes

2.12.3 Comparison of P, Equations and Diffusion Theory with a Multi-group
Formulation

With more than one group, we cannot derive the Fick’s Law as done previously because the second
equation for the P; system is written:

ggﬁi ¢(#E)+ L(#E)JHE) = f0+°° S (E « E)J(#E") dE' (2-164)

In this equation, we see that ¢ (7, E) is not only related to f (7, E), but also to all other currents at other
energies through the scattering term. The multi-group formulation of the P, equations becomes"*:

G
div ], () + 296, = ) Zaogenpit

. /=1
L ]ftss G
vg € [1,G],- + =D Yoy ) Ve Db @
Kerr j=1 /=1

11— .. X L
= grady () + Z5(7) [, () = z Ss1gen ()
/=1

Notice that % is weighted by the flux whereas X is weighted by the current.

We rewrite those equations in a matrix form. To do this, we define the vector of the flux, carrying all
fluxes in G groups and the matrix of the current carrying the three coordinates of the current vectors of the
G groups. The following definitions are used:

1 Jia Ji2 Ji3
® = ¢2 l: (]g,j)ge[[LGl] _ ]22,1 ]25,2 ]25,3 (2-165)
b TSN Jer Jos Jos

Then the system of P; equations becomes:

fiss NN
L L, (HDF)

D J(F) + LOB(F) = Zo®@+ — X, =
= = = Kerr =

3 Grad®(®) + T @) = Lot ()
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With the following definitions:

0]11 012 + 0]1,3
0x4 0x, 0x3

_— 02,1 0]2,2 023
ij=(zj3=1 f"{) =| ox. T ox, T oxs
= %/ ie1,6] :
0Jg1 , 9Jge n 0]G,3
E)x1 E)xz a.X'3
T
{ 5 s s Ji1J21 )31 - Jon
= (55 E) c J21)22732 > Jg 2 (2-166)
1 2 3
J31J237)33  Jo3
]T

250,14—1 ZSO,1<—2 230,1<—G

Se0met Feonen o Zooze
Zs0 = (Zsogej)getney = | S0P T0EE Te0R6 (2-167)

jel1,61 ) ’
250,61 250,62 " 250,66
Zf 0O .0
. 29 .0
0 0 gg
ViXi2fra ViXidrz ... ViXidrg
VoXa2r1 VoX22fo o VaXa2rg
Zr = (VgxoZrgemar = | 5 0t HATTE R (2-168)
jelLel : : :
VeX62r1 VeXeZr2 T VeXelre
And for the second equation:
001 091 00 ) T
0x; 0x, Ox3 (E
Iby 0y 00, 1 @1 2 .. 96)
Grad® = (228) =1 o0 o ox [=|| 52 |- — (2-169)
1 ea] P 5 oT
\E’LG 296 aga | |\~ |
0xy; O0x, O0x3 *3
2% 0 .- 0
. IE (|
Lo = diag(2g) o =| 0 2 (2-170)
0 0 zé
251,1<—1251,1<—2 251,1<—G
251,2<—1251,2<—2 251,2<—G
Loy = (Zslrg“f)(g.j)e[[m]]z = : C o (2-171)

2516125162 " Zs1,6-6
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So that we have, for the scattering terms for example, the matrix:
g€l[1,6]

G
R (Z Zsl,geuk,j>
- k=1
jel1,3]

G G G
(Zk:lzsl,h—k]k,l Yk=12s12¢1Jk,2 Zk:1251,c<—k]k,3w

Eg=1 Zsl,z<—k]k,1 Zg=1 Z151,2<—k]k,2 Zg=1 251,2<—k]k,3 (2_172)

Zg:l Zsl,G(—k]k,l Zg:l Zsl,G<—k]k,2 Zg:l Zsl,G<—k]k,3
We will then try to formulate the second equation in terms of Fick’s Law:
1 = > = = = =
L Grad®(®) + 2 ®) = Z D)D)
=3(2® - 20®) )0 = ~Grad () 173)
We can suppose that the matrix in front of / (#) is invertible, so that:

L -1
3D € M (R)/D = 3 (2'() ~ 2 (D)) (2-174)
We get:
Z% _251’1(_1 251,1(—2 ZSl,l(—G
D~1=3x% 251,2<—1 2% _251,2<—2 251,2<—G (2_175)
251,61 2s16e2 Y6 —Zs16-6

A classic diffusion law implies that D is diagonal, and therefore D™ is as well. This case is achieved if

and only if we consider isotropic scattering because then Xg; = 0. Otherwise, there is no equivalence

between the P; method and the diffusion method. Indeed,% cannot be sure that the diffusion coefficients
Dy of each group are equal to é (Zél, - Zs1,g<—g), which would be equivalent to the assumption that the
off-diagonal terms of the previous Matrix D! are equal to 0.

If we use the transport correction to calculate X¢;, then we have:

— _ 2
Ys1,g-/ = Bo2so,gess With [, = ——constant;

3A
Sirgen = (1= 1) Zs0.gerii Zrg = £g = Zso,gg (2-176)
21t 2g1c1 —Ho2sonez .. —HoZsoaec
D 1=3x _#02150,291 Zyp :Ztr,2<—2 o, —.Uoz':so,2<—c (2-177)
—Ho2soGe1 —HoZsoGe2 7 2rg Tt 2trgec

The problem remains the same—there is no formal equivalence with diffusion theory because D is not

diagonal. However, now there may be a way to diagonalize it because the linear anisotropic terms are
proportional to the isotropic terms, so that we may arrive at Fick’s Law.* However, this has to be shown.
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In addition, even if this were feasible, then the expression of the new matrix with the formalism of the
first matrix may not be totally trivial.

A common procedure to try to mimic a diffusion code with a Py solver is described hereafter, as proposed
in the INSTANT manual':

vg € [1,G]: (2-178)
& 1

2totalg = E = 2rgt2yg (2-179)
Sagen=0VA2€[1,Gland /2 # g. (2-180)
& 1

250,g<—g = Ztr,g = @ - Zr,g (2-181)
Ss0geh = Zsogeh Vh € [1,G] and h # g. (2-182)

with the assumption that we know the diffusion coefficients, the transport, and absorption cross sections
in each group.

It leads to the computation of the following matrix in the P, code:

Zr,l + Ztr,l 0 0
5-1=3x 0 2o "lzztr,z , 0 (2-183)
0 0 ZT,G + Ztr,G

Such an approximation will miss the off-diagonal terms by assuming them to be equal to 0, and therefore
calculate a wrong Matrix D. Therefore, it will not be a pure diffusion calculation, and it will also not be a

correct P, calculation because we do not consider:

e Pure isotropic scattering: the diagonal terms contain a part of the linear anisotropic scattering
information through the transport cross sections X, 4

e A true linear anisotropic scattering source with a transport correction to calculate those terms because
we do not take into account the off-diagonal terms of Xg;

e A linear anisotropic scattering that would not be calculated through the transport correction.

In conclusion, there is no easy way to mimic a diffusion code with a Py solver in a multi-group situation
unless we consider pure isotropic scattering or find a way to analytically diagonalize the transport
corrected Xgq and then find the correct combination of terms to replace in the P, solver.

However, in the case of graphite, we may assume’:

e Anisotropic terms are small compared to the isotropic terms. Indeed, the graphite atom is much
heavier than the neutron, which tends to create nearly isotropic scattering. Anisotropic terms of an
order higher than 1 may be easily neglected, and the transport correction probably gives a good
representation of the linear anisotropy.

e Off-diagonal terms of X4, Xs1 are small compared to the diagonal terms. This may be especially true

with fewer energy groups because the graphite is not a very good moderator.” It means that after a
collision, the loss of lethargy of the neutron is small so that the neutrons have more chances to stay in
the same energy group than to switch to another group. The fewer groups we have, the larger they are,
so that this approximation becomes better.



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part ll: Prismatic Reactor
Cross Section Generation
38 March 2011

In this case, we can:
e Keep an anisotropy of Order 1 for the neutron source using the transport correction

e Neglect the off-diagonal terms of Xy in the calculation.

With this set of assumptions, we arrive at Fick’s Law and we can use the equivalence from
Equation 2-182 to mimic the results of a diffusion code."

The other choice is to let the code perform the normal P, calculation with a linear anisotropic source
provided by the X, evaluation data processed in DRAGON. This solution was finally chosen in the

report, as shown later.
2.12.4 The P; Equations

The development in spherical harmonics of the flux can be extended to higher orders. In INSTANT, the
P; method was used, which means that we calculated the flux with an approximation of Order 3. The
scattering source may have a different expansion. For example, a linear anisotropic source (Order 1) was
used. In this case, the transport correction was not used and the X;; given by DRAGON were preferred.

This matrix comes directly from the evaluation. DRAGON is orﬁy producing homogenized, condensed
matrices using the flux calculated on the lattice level. This procedure may lead to better results than the P,
because a higher order both for the source and the flux calculation is being used.

On the contrary, for example, it is not trivial to predict which calculation would be the best between a Py,
transport corrected solution and a P; solution with an isotropic source.

2.13 The Monte Carlo Method: A Different Philosophy

The Monte Carlo method uses a completely different philosophy. The idea is to simulate the random walk
of a neutron from its creation (by fission or [n,xn] reactions) to its death (by absorption or leakage) in the
core.” Records are kept of every reaction that the neutron encounters during its life. Millions of

simulations enable one to produce reaction rates with statistical meaning. The statistical uncertainty
1
VN
low, and such a method requires a great deal of computation time. However, this method is a perfect
candidate for parallelization because in theory we can assign one neutron per processor—as stated at the

beginning of the section, we neglect the neutron-neutron interactions.

decreases proportional to —= where N is the number of neutrons simulated. Therefore, the convergence is

The Monte Carlo method has many advantages. For example, any geometry can be defined and we can
use a continuous energy structure so that the self-shielding step disappears from the calculation. The
method is meant to be exact, as far as the cross sections are correct and the number of simulated particles
1s sufficient. Thus, the Monte Carlo codes are often used to validate deterministic codes. The method is
also used in other applications like detector studies, criticality studies, medical studies, fusion studies, and
especially when experimental results are not available. It faces its own problems (e.g., statistical
instabilities).

Several codes have been developed to implement the Monte Carlo method for reactor physics problems.
MCNP is a well-known method developed at the Los Alamos National Laboratory. Its fifth version served
as a reference for this study.

SERPENT is another stochastic code developed by Jaako Leppédnen for VIT (Valtion Teknillinen
Tutkimuskeskus, Technical Research Centre of Finland), which was designed for the generation of cross
sections.'” It is the first example of a stochastic code, which was built for operational purposes. Usually
calculations related to design or reactor operations are carried out with deterministic codes. With the
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increase of calculation speed and massive parallelization, stochastic production codes like SERPENT may
become the future of reactor analysis.

2.14 Isotopic Depletion

When we operate a reactor, the material inside the core is changing due to two phenomena®:
e The nuclear reactions resulting from collisions between neutrons and nuclei

e The radioactive decay of some nuclei.

In the case of the nuclear reactions produced by exposure to neutron flux, the variation of the number
density is proportional to the reaction rate, that is to say the probability to have an absorption reaction:

22(6) = —(oap(EIN(L) (2-184)
with
(0ap(®) = [ 0, (W (u, )du. (2-185)

This equation does not depend on which mode of decay the compound nucleus will follow: fission,
radiative capture, etc. The only important information is that we know that this reaction will not produce
the initial nucleus. All reactions are taken into account except the elastic and inelastic scattering reactions:

O0q = Ototal — 9e — Oin. (2-186)

In the case of the radioactive decay of an isotope, the number density of a radioactive nucleus obeys to a
simple differential equation:

2(6) = —AN(®) (2-187)

A is the radioactive decay constant and is independent of time, but varies depending on the way of decay
and the isotope considered.

In a reactor, nuclear reactions created by the flux and radioactive decay occur together on all isotopes at
the same time, and an isotope can be produced by reactions or decays involving other isotopes. Therefore,
we can write for each single nuclide &*:

% () = @XMy Niop Uik + @ X501 NsOgs¥s i + D XLy Nidiaj i — 00, ()N (t) — ANy () (2-188)
where
Nx = number density of isotope k
¢ = flux (2-189)
of; = fission cross-section of isotope i
0,5 = absorption cross-section of isotope s
Ax = decay constant of isotope k (2-190)
Y; x = yield of isotope k due to a fisison of isotope i
Ysk = probability that a neutron absorption in isotope i produces isotope k

@;, = probability that the decay of isotope j produces isotope k (2-191)
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A system is obtained containing an equation describing the evolution for each nuclide. Those equations
are coupled between all nuclides. The information on decay channels and reaction yields is stored in the
nuclear reaction chains and is available in the evaluations.

The problem with solving such a system is that the number of ways for a nuclide to evolve can be large,
and it is highly coupled to the depletion of other nuclides. The time constants can also be very different,
which may create numerical issues.

In addition, the depletion affects the flux. Indeed, macroscopic cross sections have to be updated
regarding the number density, but it also indirectly affects the microscopic cross sections, because the
spectrum may change according to the new core configuration. However, those changes are relatively
slow. A common assumption is made and consists of discretizing the time into time steps. The flux is then
considered as constant during each time step, and then is recalculated. We always stay within the
steady-state approximation.*'®

The calculation is usually performed at a constant specific power (power per mass of initial heavy
isotopes). This power is used to scale the flux so that its magnitude acquires some sense. In this model,
the power at the beginning and end of the time step is equal. It enables us to calculate the flux at the end
of the time step. A few iterations are needed to correctly calculate the number densities at the end of the
time step according to the specific power.

The burnup B(?) measures a sort of average of the energy released by an assembly per initial mass of
heavy isotopes.” It is usually expressed in MW day .tonne™. This value provides some information about
the energy that has been extracted from an assembly during his life. Mathematically, we define it at time
tr tiby:

£ L0y

B(t) = [, (Hp(t))dt" (2-192)

Where V' is the volume of the fuel and W is the volume of heavy isotopes at # = . H is a factor giving the
recoverable energy from neutron-induced reactions.

Depletion calculations have to be performed at the lattice level to generate microscopic cross sections for
the core. The cross sections are then tabulated with the burnup and passed to the core calculation. The
number densities for the core may be recovered either from the lattice calculation, or less frequently from
the core calculation if the solver contains an in-core depletion module. The principle of the depletion
remains the same in the lattice as in the core.
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3. DESCRIPTION OF THE DIFFERENT WAYS TO PREPARE
CROSS SECTIONS

3.1 General Considerations on the Calculation Schemes

3.11 Description of the Calculation Schemes

As stated in Section 2, a detailed full-core 3-D transport calculation would require a huge amount of
memory and would take significant central processing unit (CPU) time to be used by utilities in
production calculations or even in laboratories for design purposes. While trying to produce accurate
cross sections for this reactor, we should keep in mind that utilities need to perform numerous core
calculations to predict the fuel depletion during approximately 1 year of operation, verify that reactivity
margins are respected during the whole operation cycle, and analyze many core configurations. Design
studies also require several runs of core calculation to establish the behavior in transient conditions.
Performing all of these studies with a detailed full-core calculation, even in 2-D, is currently unfeasible
within a reasonable amount of time.

Therefore, the typical way to proceed is to use a two-step calculation scheme’:

e Detailed calculation at the assembly level with reflective boundary conditions, which gives
homogenized cross sections for the assemblies, condensed to a certain number of groups; this step is
called the lattice calculation.

e Second calculation at the core level with homogenized properties in each assembly and usually a
small number of groups. We call it the full-core calculation or whole-core calculation.

This scheme is particularly effective in the case of LWRs because the typical mean free path of thermal
neutrons in water is equal to few millimeters. Therefore, modeling the assemblies with a small layer of
water around them is very effective at capturing the main physical effects. The coupling across the full
core is low, which justifies this kind of approach. The assemblies in the full core exist largely in an
infinite lattice condition with the exception of those at the periphery.

For high temperature reactors, the mean free-path of neutrons is much longer, and therefore the
decoupling between the block® level and the full-core level is less accurate. Facing this problem, we keep
a two-step calculation scheme because an alternative has not been well established. However, knowing
that the spectrum will completely differ between the lattice and the core calculation, especially in the
blocks adjacent to the reflector, particular care must be taken to provide cross sections to the core
calculation. The purpose of this report is to determine which models can be used at the lattice level to
obtain good accuracy at the core level. The lattice calculations will be performed using DRAGON,
whereas INSTANT will be used for full-core calculations. The temperature remains set at 293.6 K, as the
study of its influence is beyond the scope of the report.

At the lattice level, a single block of fuel may be quite representative for the central blocks located far
from reflectors. However, the blocks located at the periphery are receiving a lot of thermal neutrons
coming back from the reflector. For them, the single-block infinite lattice model may not be relevant due
to the neutron energy spectral modification created by the reflector’s presence. To deal with this specific
feature of this reactor, it is assumed that keeping a large number of groups for the INSTANT calculation
would compensate for the poor quality of the microscopic cross sections used to describe those blocks.
With this point of view, we can still generate microscopic cross sections from a single-block model at the

a.  For high temperature reactors, the term “block” replaces “assembly.”
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lattice level if sufficient energy groups are retained for the whole core calculation. It will be the first
calculation scheme evaluated, named “single-block path.”

Secondly, it is proposed to treat the peripheral blocks separately with supercell models including one row
of neighboring blocks around the block of interest at the lattice level. The other central blocks of the core
remain calculated with the previous path. This method forms the second calculation scheme and is called
“supercell path.” Our assumption is that one may be able to catch some of the effects due to the
surrounding graphite blocks, and have a calculation in INSTANT based on more accurate homogenized
cross sections. In addition, a quite large number of groups may also correct the remaining errors of the
cross sections passed to INSTANT. In this report, we aim to quantify the accuracy of such a calculation
compared to the other path.

A full-core transport calculation would, in theory, provide the best solution to prepare cross sections for
the core model as the assumptions on the decoupling of the fuel cells vanishes. However, this is not
practical with currently available tools. DRAGON faces memory limitations due to addresses coded on
32 bits, and even with the fastest solver (SYBILT) and no discretization of the geometry, the calculation
is cumbersome. As the use of EXCELT and the discretization has proved to be necessary on supercells,
and given the fact that it was not possible to do it in DRAGON, this idea was not pursued. Note also that
in general, most deterministic lattice codes were not designed to do this kind of calculation and few
studies have been done to determine the precision of the codes with large models like that.

Moreover, if a full-core transport calculation was feasible within a reasonable time, then there would be
no interest to generate homogenized cross sections for another core solver as the detailed solution of the
problem is already known.

Passing the homogenized block cross sections from DRAGON to INSTANT is not trivial. INSTANT
needs macroscopic cross sections for each block. DRAGON is able to produce either microscopic or
macroscopic homogenized cross sections. However, the macroscopic cross sections are generated using
the volumes upon which the homogenization is done. Therefore, if block sizes are different between the
two codes, then the homogenized densities of atoms will differ between them, and the macroscopic
homogenized cross sections computed by DRAGON will be not be suitable for INSTANT. As it happens,
this is the case in our models because of the actual limitation of the tracking modules in DRAGON.
Currently, it is impossible to model some hexagons embedded into a larger one with a straight boundary.’
Therefore, we have to produce homogenized microscopic cross sections in DRAGON and then
reconstruct the macroscopic cross sections for INSTANT using the correct number densities.

More details to circumvent this difficulty are given in Appendixes C, D, and in Section 3.4 when we
detail the single-block model built in DRAGON. Notice that this point is of great importance. The block
volumes between DRAGON and INSTANT differ by 8.26%, which leads to an error of the same amount
on the value of all isotopes’ densities if we do not take care of it. In the future, an improvement of the
tracking module EXCELT of DRAGON to model the real geometry would simplify this part of the
modelization and eliminate a geometrical approximation as well as a source of potential error by the
analyst.

A program written in Fortran90 by Javier Ortensi (INL) enables us to recover the homogenized
microscopic cross sections of every isotope used in a DRAGON calculation, and the corresponding
densities provided by the user. The program then calculates the correct homogenized macroscopic cross-
sections for INSTANT and creates this part of the INSTANT input file. The calculation of the correct
homogenized densities in INSTANT has been performed and is given in Appendixes C and D. The
difficult part of this calculation is to correctly deal with the volume packing fraction and the spherical
geometry of the TRISO particles projected on a plane surface. The reader is encouraged to examine the
details of this calculation to precisely understand the underlying problem.
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The JEFF-3.1.0 cross section evaluation was used with the SHEM-295 group-structure in DRAGON for
all our calculations. The SHEM group structure was developed by Alain Hébert as an adaptation of the
281-group Santamarina-Hfaiedh energy mesh'®'® and of the 361-group energy mesh.” Its boundaries can
be found in Hébert’s 2009 article.'" This library can be freely downloaded in several formats including the
American Standard Code for Information Interchange (ASCII) format on the public repository
(http://www.polymtl.ca/merlin/libraries.htm).

3.1.2 Reference Calculations: MCNP

MCNP models have been provided for every type of calculations by Michael Pope (INL). It is assumed
that those models represent the best solutions at every step, considering the fact that no experimental data
is available for this particular reactor.

Nevertheless, the double heterogeneity treatment for spherical TRISO particles in MCNP is questionable.
It must be assembled from a 3-D lattice sized such that the correct packing fraction is achieved. Several
possibilities may be used to create the lattice geometry of TRISO particles inside the pellet: squares,
hexagons, hexagonal lattice with the corners being removed, etc. Even if we manage to get the same
packing fraction, the geometrical differences introduce an uncertainty of about 100 pcm on the K. This
should be kept in mind in comparison of DRAGON to MCNP calculations.

At the lattice level, the multiplication factor (K) obtained in MCNP and DRAGON will be compared.
The error on the K g was the criterion to decide which models must be retained. This was used in
choosing between the different tracking options in DRAGON.

At the core level, not only were the K¢ obtained in INSTANT and MCNP compared, but also the block
fission rates. Indeed, this parameter is of very high interest because it will directly influence the
distribution of power used for thermofluid calculations and also the flux used for depletion calculations.
Therefore, a good prediction of the fission rate shape is essential; perhaps more than the K. prediction
since in reality, this parameter is biased to meet the experimental results for each reactor.

A comparison of the detailed shapes of the flux or of the fission rates obtained with the two codes would
also have been interesting, but MCNP is not able to produce this information easily. It is anticipated that a
good agreement between the block fission rates may indicate that the detailed fission rates are not too far
from each other. To give some basis for this assumption, we will draw the shape of the fission rates across
the core along one radius and compare this to MCNP. Results have been provided for every calculation
path.

Notice here that the calculation in MCNP has been performed with continuous energy cross sections and
with much more detailed reactions than in the deterministic calculations. Thus, a true comparison with the
same library is not possible. The same cross section evaluation between DRAGON and MCNP was
used—JEFF-3.1.0. Unfortunately, the thermal scattering cross sections for the graphite from this
evaluation were not available for MCNP at the laboratory. We therefore used the ENDFB-VII evaluation
for those cross sections. This difference of certain cross sections surely introduces some bias in the
comparisons and should be kept in mind.

3.2 Core Model: INSTANT
3.21 Model of the Core in INSTANT

Our core is symmetric, and so a one-sixth core model has been built to speed up the calculations. This
core model is used for all calculation schemes, no matter the DRAGON model that prepares the cross
sections. Thus there is no bias coming from different core models when we compare two methods of cross
section preparation.
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The one-sixth core is made up of 56 blocks of fuel and reflector. The main geometric dimensions are
given in Table 3-1 and Figure 3-1 provides a drawing of the core.

Figure 3-1. INSTANT one-sixth core geometry — mixtures.

Table 3-1. One-sixth core — geometrical parameters in INSTANT.

Parameter Value
Block pitch (cm) 36.0
Block side (cm) 20.78461
N maximum number of hexagons in a direction 21
T total number of hexagons (one-sixth core) 56

The INSTANT model allows the provision of different cross sections in each row—14 different mixtures
are defined. Mixtures 1, 2, and 3 correspond to the inner reflector, whereas Mixtures 12, 13, and 14 stand
for the outer reflector. Those cross sections will be generated once and kept for every calculation to better
isolate the impact of the different sets of fuel cross sections (Mixtures 4 to 11). Details about the
generation of cross sections for the reflector will be provided later.

The code uses the hybrid finite element method (FEM) for the spatial discretization and the Py method for
the angular discretization.”' The interior and interface shape functions used for the FEM are polynomials.
The solver is governed by four parameters: the interior polynomial expansion order p;,, the interface
expansion order py,, 5 the Py order p,, and the source order expansion p.., which controls the spatial
expansior} for the source calculation. Those parameters must respect the following rules in 2-D hexagonal
geometry :
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1 < p, < 33 and p,, odd number (3-1)

p
Dint 7z psurf + 3

0 < pSOUTC < pTl

The script to pass cross sections from DRAGON to INSTANT permits the use of only the isotropic
component of the scattering source (scattering Order 0), or add a linear anisotropic component (scattering
Order 1). In this work, the linear anisotropic part is typically used, but some calculations have been
performed to determine the importance of this order. The scattering cross sections have been taken
directly from the DRAGON output (SCATO00 and SCATO1). This way of handling the scattering is called
the regular method in the following pages.

The script also permits the option of performing a calculation with the isotropic part of the scattering
source, but with “tricked” cross sections so that one may reproduce a sort of diffusion calculation. As
explained in Section 2.12.3, this way of treating cross sections is not completely equivalent to a diffusion
calculation, but it provides indication on what it would give. An example is also given with this feature to
assess by comparison with the regular transport calculation whether the core has a diffusive behavior.

3.2.2 Convergence Study of the Core Model

A convergence study has been performed to determine an acceptable set of parameters in the solver. For
this purpose, cross sections were prepared by the first DRAGON model (single-block path). The K. has
been taken as a convergence criterion. The effects of increasing ps,, s order, p;, order, and pyo, order were
analyzed. The study has been done for P, and P; calculations. It will then be shown how well it is
converged in angles (Py parameter).

P, Convergence Study, Scattering Order 1, Regular Method

The behavior of pj.,.. was first studied, setting p,,,,= 2 and p;,, = 6. Results are given in Table 3-2(a). It is
concluded that the convergence is ensured with p,,,... = 5. This value is kept for the next study on py,, rand
Pins» the results of which are collected in Table 3-2(b).

Table 3-2. Convergence study for the P1 core model.

(a) Study on psoure- (b) Study on pgy,r f and pin;-
Psourc Core Kefr Psur f = 2 Psurf = 3 Psurf = 4
0 1.20008 Dint Ketr Kefr Kefr
1 1.25369 5 1.25046
2 1.25068 6 1.25046 1.25046
3 1.25054 7 1.25047 1.25047 1.25047
4 1.25049
5 1.25046
6 1.25046

This shows that these settings ensure convergence, thus p, /= 2 and p;,, = 6 were used because the
convergence is easier to achieve with only 44 iterations.

P; Convergence Study, Scattering Order 1, Regular Method
The same study has been repeated with a P; calculation using exactly the same material information.

Table 3-3(a) gives the results of the convergence study on py,, With py,. =2 and p;,, = 6. The
convergence is ensured with p;,,. = 5 and this value is kept for the next study on py,, rand p;,
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(Table 3-3[b]). We finally keep p,.,= 2 and p;,, = 6 because the convergence is easier to achieve with
those values (95 iterations, see Table 3-3[b]).

In both cases, the default refinement of the mesh proved to be sufficient to reach convergence. Further
discretization does not affect the solution.

Table 3-3. Convergence study for the P; core model.

(a) StUdy on Psoyrc- (b) StUdy On Psyr f and Pint-
Psourc Core Kefr Psurf = 2 Psur f = 3 Psur f = 4
0 1.20132 P Core K Core K Core K
1 1.25349 5 1.25024
2 1.25046 6 1.25023 1.25023
(951it.) (partial convergence)
3 1.25030 7 1.25023 1.25023 1.25023
(1439 it.)
1.25026
5 1.25023
6 1.25023

P;s Calculation, Scattering Order 1, Normal Method

Finally, a Ps calculation was performed with those settings. This produces the same K. as with a P;
calculation with less than 1 pcm of difference. Those results are given in Appendix E. Therefore, it is
concluded that a P; calculation gives a completely converged model and it is thus kept for the remainder
of the study. Some examples in P; will be provided in Appendix E to show the variability of the core
calculation according to this parameter.

In summary, the following settings were used in INSTANT:

e P;calculation

*  Psource = 35 Psury= 23 Pim = 6

e Default mesh refinement.

3.2.3  Scattering Order and Diffusion Imitation

A calculation was also performed using the same cross sections, but with a scattering order reduced to 0
(isotropic scattering) in 26 groups. The following is obtained: Keffp3 scato = 1.25258, compared to
Kot p3 scato = 1.25023. Both have been done in P;. With 188 pcm of difference, it is concluded that the
importance of the linearly anisotropic part of the scattering is small, but not totally negligible.

Another trial was performed in P, by “tricking” cross sections with the transport correction so that it
approaches the results of a diffusion code. This resulted in Keff p3 scato = 1.25056. This is very close to
Kot ps scato = 1.25023, so it is concluded the core is rather diffusive. The graphite moderator is known to
have a rather isotropic behavior,* so this result is expected.
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3.3 Single Hexagonal Fuel Cell: DRAGON, SERPENT and MCNP

3.31 Effect of the Boundary Condition, Homogeneous Cell
Hexagonal Cell

A single hexagonal cell containing a homogeneous fuel pellet was first simulated with DRAGON and
SERPENT. The difference of modeling is about the boundary conditions.

This study was performed because DRAGON is only able to set a white boundary condition, whereas
MCNP can use either a white boundary condition or a true specular reflective condition. It is admitted that
a reflective boundary condition is more representative of the reality than a white condition. Therefore, this
study is used to assess the importance of the type of boundary condition on the simulation, even if
DRAGON is not offering any choice for hexagonal geometries.

The Monte-Carlo code SERPENT was used to compare to DRAGON because it has a
double-heterogeneity module allowing one to better isolate the effect of the boundary condition. This
would not have been the case with MCNP where the TRISO treatment may be sometimes questionable.

The SERPENT simulation was performed by Nicolas Martin (Ecole Polytechnique de Montréal) with a
library based on the JEFF-3.1.1 evaluation. The following result was obtained:

Kefr SERPENT hexcell = 0.97858 + 22 pem. (3-2)
This serves as the reference. The simulation was performed with a reflective condition at the boundary.

In DRAGON, only a white reflective boundary condition can be used for hexagonal geometries. The
calculation is done with the MOC technique. The basic calculation uses two iterations in the self-
shielding, with correlation between the fissile isotopes and a transport correction. Table 3-4 details the
results obtained for different parameters.

Table 3-4. Hexagonal cell—different set of parameters.

Parameter
TISO
Angles  dens USS/Geometry Kot
12 20 PASS 3 0.97585
12 20 NOTR 0.97585
12 20 NOCO 0.97586
12 20 No sect, 4 radii 0.97588
12 30 No sect, 7 radii 0.97551
12 40 No sect, 7 radii in fuel, 0.97557

2 radii in graphite

We remark that the results are located between 0.97551 and 0.97588. It means about 300 pcm of
difference compared to the SERPENT reference, and indicates that the different boundary condition
seems to have a big effect. However, it is also admitted that the larger the lattice is, the smaller is the
difference between the two types of boundary conditions. Therefore, a larger lattice was created in
DRAGON with one-twelfth symmetry, and with a central cell and eight rings of fuel cell. There are 25
cells in the assembly or 217 if we had taken the complete geometry. With this lattice, and TISO 12 20,0,
we obtain:

Keff DRAGON hexcell = 0.97854. (3-3)
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This is 4 pcm less than SERPENT.

In conclusion, this study shows a very good agreement between the white and the reflective conditions for
a large domain, whereas a white condition on a single hexagonal cell leads to an error of 300 pcm down
compared to SERPENT. It therefore demonstrates that with large lattices, the two conditions have quite a
similar effect. As our block model will have 11 rings of cells, a white boundary condition may be
sufficient to perform the calculation. A white boundary condition is set in MCNP, too, to remain
consistent in comparisons.

Square Pin Cell

A second study of the boundary conditions was performed in DRAGON on square cells to assess this
effect using the same code. The hexagonal cell was changed into a square, so that a cyclic tracking can be
performed in DRAGON. The square had a side of 1.7495 cm, so as to conserve the same area between the
two DRAGON models.

With tracking parameters 16 60.0 and a reflective boundary condition in DRAGON, Kt pracon = 0.97978
is obtained and the maximal error on the volumes is equal to 0.8%. Table 3-5 details some other choices
for the parameters. It is shown that the model is converged.

Table 3-5. Square cell: different set of parameters.

Parameter
TISO No. of Radii
Angles dens in the Fuel Pellet K
12 20 4 radii 0.98024
12 30 4 radii 0.97982
12 40 7 radii 0.97995
12 50 6 radii 0.97977
12 60 6 radii 0.97978

The SERPENT calculation for this case gives Keff sgrpent = 0.97916 £ 44 pcm. Another Monte Carlo
calculation in DRAGON using the new stochastic module Monte Carlo of DRAGON has also been
performed by Nicolas Martin. He was thus able to use the same library as in the deterministic calculation,
and the same self-shielding parameters. We get:

o K.r=0.97942 £ 55 pcm with a correlated self-shielding
o  K.r=0.97970 £ 55 pcm without correlation in the self-shielding.
We observe that the K. are all located in the same range of + 30 pcm.

On the contrary, a white condition would introduce a bias of about 300 pcm. In DRAGON, a tracking
with 16 60 and a white boundary condition gives K.s=0.97615.

We conclude that in both geometries, for a single cell, the type of boundary condition is important for the
K.fr value. A white condition will introduce a bias of 300 pcm on small domains compared to a reflective
condition. However, as shown in the previous study, the increase of the domain leads to the convergence
of the results using the two different boundary conditions. Even if the cyclic tracking has not yet been
coded into DRAGON for hexagonal cells, it can be assumed that the result would be similar in this case.
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3.3.2 Effect of the Surrounding Graphite on the Energy Self-shielding

Finally, a study was performed to evaluate the effect of the graphite number density in the region
surrounding the pellet on the energy self-shielding calculation. This is of interest because self-shielding
calculation will not be performed on the supercell models. For these, the self-shielding calculation will be
performed on a block without its environment in a pre-calculation before passing homogenized cross
sections to the supercell calculation in DRAGON. Therefore, it is of interest to know if this can be a
significant source of error compared to MCNP where the self-shielding is implicitly accounted for the
entire domain. As deep burn fuel is abundant in resonant absorbers, the energy self-shielding may depend
on the fuel block environment.

The difficult part of this study is that the effect of having more graphite outside the fuel pellet has to be
studied only on the energy self-shielding calculation. It would be difficult to study cross sections in

295 groups; therefore, a condensation is needed, but this operation requires a flux. However, an increase
of the graphite density will produce a different flux calculation, which would prevent one to isolate the
self-shielding effect. This is why something more special has to be performed.

Here is the principle of the study:

e Perform a complete calculation on a single cell

e Perform the self-shielding calculation

e Perform the flux calculation

e Produce the homogenized and condensed cross sections

e Save this flux calculation

e Hold the homogenized and condensed cross sections as a reference.

Then the same geometry is taken but the graphite number density is increased by a factor of 100 outside
the fuel compact. The self-shielding is recalculated, but not the flux calculation. Instead, the flux
previously saved is called back and used to homogenize the cross sections. Thus, those cross sections are
self-shielded differently, but they are homogenized and condensed by the same weighting function

(i.e., the flux). One is then able to compare them in six groups. The six-group structure is given in
Appendix F, “Group Structures.” If the self-shielding has changed, then it should appear in the cross
sections.

Table 3-6 gives the cross sections obtained with a normal regular graphite density in the region
surrounding the fuel pellet whereas Table 3-7 gives the same cross sections when the graphite number
density has been multiplied by 100. It is shown that there are almost no differences. The maximum
difference is of 0.7% of the regular cross section on the absorption cross section in Group 2.
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Table 3-6. Single cell — homogenized cross sections with a normal graphite density around the fuel pellet.

Homogenized Cross Sections — Normal Density

Scattering XS Scattering XS out
Group Total XS Absorption XS Vfission within Group of Group
1 2.4540E-01 2.0650E-04 4.8208E-04 2.2969E-01 1.5501E-02
2 3.9499E-01 1.8231E-03 2.1290E-03 3.8701E-01 6.1570E-03
3 4.0725E-01 8.9779E-03 1.1225E-02 3.6992E-01 2.8350E-02
4 4.5111E-01 4.8804E-02 5.4703E-03 3.6158E-01 4.0726E-02
5 4.7317E-01 7.3240E-02 1.1485E-01 3.8322E-01 1.6712E-02
6 4.6411E-01 5.5374E-02 9.7179E-02 4.0043E-01 8.3055E-03

Table 3-7. Single cell — homogenized cross sections with an increased graphite density by 100 around the
fuel pellet.

Homogenized Cross Sections — 100 x Normal Density

Scattering XS Scattering XS out
Group Total XS Absorption XS VZfission within Group of Group
1 2.4540E-01 2.0650E-04 4.8208E-04 2.2969E-01 1.5501E-02
2 3.9501E-01 1.8362E-03 2.1359E-03 3.8702E-01 6.1570E-03
3 4.0725E-01 8.9779E-03 1.1225E-02 3.6992E-01 2.8350E-02
4 4.5111E-01 4.8804E-02 5.4703E-03 3.6158E-01 4.0726E-02
5 4.7317E-01 7.3240E-02 1.1485E-01 3.8322E-01 1.6712E-02
6 4.6411E-01 5.5374E-02 9.7179E-02 4.0043E-01 8.3055E-03

It is concluded that the self-shielding is not really affected by the surrounding graphite density. This result
was quite unexpected, because the neutron slowing-down may have been modified by the graphite, but it
seems that it is not the case. The energies where the self-shielding is taking place may be too high to see
the influence of the graphite.

3.4 Single Fuel Block Model: DRAGON
The first scheme of calculation begins with the modeling of a single block of fuel in DRAGON.

In MCNP, the calculation over the real block was performed and is held as a reference. The following
result was obtained:

Ketese mene = 1.25969 £ 0.00012. (3-4)
3.41 Description of a Fuel Block and Boundary Approximation

The real fuel block is comprised of 11 rows of hexagons, plus the central hexagonal cell. Figure 1-2 gives
a representation of the geometry. Table 1-2(a) gives the dimensions considered.

Special attention must be paid to the boundary cells. Indeed, DRAGON does not have the capability to
include a portion of a hexagonal lattice into a larger hexagon. Thus, it is necessary to terminate the lattice
by a row of hexagons with an adjusted graphite density. This density has been determined to conserve the
total number of graphite atoms in the whole core calculation (see Appendix C). This solution has been
also used by other authors confronted by the same problem®******* and it appears to be accurate.
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In DRAGON, a homogenization of the whole cell is performed and the resulting microscopic cross
sections are used for the fuel mixture used in INSTANT. The densities are corrected to fit with the
volume of a block in INSTANT (see Appendix D, “Density Calculation for all Isotopes in INSTANT”).

3.4.2 Spatial Convergence Study of the Single-block Model

DRAGON enables the user to set many different parameters. In particular, it is necessary to choose the
level of discretization to ensure that the mesh is sufficient for this problem. Two tracking modules were
tested: EXCELT and SYBILT.”

EXCELT Tracking and MOC

A first possibility is to use the MOC to solve the Boltzmann equation. This is done in DRAGON with the
EXCELT tracking module followed by the module MCCGT, which converts the tracks for the MOC
solver.

A convergence study over all the parameters together would require a huge amount of calculations. But
the parameters seem to be partially decoupled, so that they can be independently studied. By setting
relative high values for the parameters that are fixed while others are varied, convergence criteria can be
met. For the double-heterogeneity model, the Hébert model was be used for the whole study.*®

We first attempt to find whether a discretization of the fuel pellet is needed. The annular region of helium
was not studied because helium is basically neutron transparent. The number of radii in Table 3-8(a)
corresponds to the number of radii inside the fuel region. One radius means that this region is not
discretised. For those calculations, relative high values were set for generating the tracking lines: four
angles and 40 lines per cm. It was concluded from these results that there is no need to discretize the fuel
pellet, but the division of the hexagonal fuel cell into six sectors counts for 10 pcm and will be kept in
further calculations. The division of hexagons into sectors is called sectorization or azimuthal
sectorization in the remainder of the report. It is abbreviated by “Azimuth. sect.” in the tables.

A study was then performed to determine the influence of the discretization in the graphite and coolant
regions. For this, the fuel pellets remain sectorized. The parameters TISO 4 40.0 were kept for the
tracking. Results are shown in Table 3-8(b).

Table 3-8(b) shows that neither the discretization nor the sectorization of the graphite regions are
significantly changing the K. It was concluded that discretization of the graphite cells is unnecessary.
But as these results were not complete at the beginning of the study, the next calculations were performed
with sectorized graphite cells containing one radius.

A study over the tracking parameters was completed to determine the minimum that could be used with
acceptable accuracy. Table 3-9(a) shows the density of lines that has to be used and Table 3-9(b)
considers the number of angles.

It can be concluded that TISO 4 10 creates enough integration lines to cover the whole geometry and
produce an efficient integration. The parameters TISO 4 10 were used for all the proceeding calculations.
This allows the tracking to place six segments in the fuel pellet, which appears to be enough.
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Table 3-8. Convergence study for the single block: geometrical mesh.

(a) Fuel cell radial discretization.

(b) Graphite cell radial discretization.

Parameters Parameters
Number  Azimuth. Number  Azimuth.
Cell Type ofRadii  Sector. K-eff Cell Type of Radii Sector. K-eff
Fuel 4 Yes Fuel 1 Yes
Graphite 1 Yes 1.25919 Graphite 1 Yes 1.25913
Coolant 0 No Coolant 1 Yes
Fuel 3 Yes Fuel 1 Yes
Graphite 1 Yes 1.25918 Graphite 0 No 1.25908
Coolant 0 No Coolant 0 No
Fuel 2 Yes Fuel 1 Yes
Graphite 1 Yes 1.25915 Graphite 1 No 1.25908
Coolant 0 No Coolant 0 No
Fuel 1 Yes
Graphite 1 Yes 1.25911
Coolant 0 No
Fuel 1 No
Graphite 1 Yes 1.25902
Coolant 0 No
Table 3-9. Convergence study for the single block: tracking parameters.
(a) Density of lines. (b) Number of angles.
TISO TISO
Number Density Number Density
of Angles (lines.cm™) K-eff of Angles  (lines.cm™) K-eff
4 100 1.25911 12 30 1.25911
4 50 1.25911 10 30 1.25928
4 40 1.25911 8 30 1.25928
4 30 1.25911 6 30 1.25827
4 20 1.25913 4 30 1.25911
4 10 1.25918

The QUAB parameter defines the number of points used to calculate the integrals inside the TRISO

particles. The study’s results are summarized in Table 3-10(a). It is concluded that a 5-point basis for the
integration in the TRISO particles works well. A Gauss quadrature is always used because it ensures the
best accuracy for the numerical integration.
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Table 3-10. Convergence study for the single block: integration points in the TRISOs and self-shielding
parameters.
(a) Integration points
in TRISOs. (b) Self-shielding parameters.
Parameters for the Self-shielding

QUAB Koeff Number of
7 1.25919 PT External
6 1.25919 Accuracy Iterations Correlation K-eff
5 1.25918 3 2 Yes 1.25918
4 1.25911 3 3 Yes 1.25918
3 1.25874 2 2 Yes 1.25918
2 1.25107 3 2 No 1.25914

Finally, several parameters were evaluated in the self-shielding module USS, for example the number of
external iterations, the accuracy of the probability tables and the correlation of the isotopes. The variation
of K. was used as a figure of merit for the convergence. Table 3-10(b) gives the results.

This shows that having three and two external iterations gives a good representation of the self-shielding.
It also shows that the correlation effect between the fissile isotopes is low. This does not automatically
imply that all isotopes are independent, but that the coupling effect is small.

In conclusion, the model chosen for an EXCELT tracking of the single-block model is made of:

e Geometry: sectorization of the fuel pellet without any radial discretization, no discretization nor
sectorization of the graphite and coolant cells

e Tracking: TISO 4 10, QUAB 5

e Self-shielding: two iterations (PASS 2), probability tables with an accuracy of three, no correlation
between fissile isotopes during the self-shielding.

With this model, the following K. is obtained:
KerSB MOC = 1.25911. (3-5)
Compared to MCNP, it is =46 pcm lower. Thus, the agreement between the two codes is very good.
SYBILT Tracking and Collision Probabilities Method

The other module available to do the calculation in hexagonal geometry is called SYBILT and uses the
CP method with interface currents coupling. The module is very fast but less reliable than EXCELT
because it uses more approximations.

In SYBILT, parameters must be set for the geometrical mesh, the integration lines and the number of self-
shielding iterations. The technique of interface current method was used with a P, expansion (option
DPO1 in DRAGON).

A convergence study was first performed over the geometric specifications of the mesh: radial
discretisation and sectorization of cells. For this study, three iterations were used for the self-shielding.
The integration line parameters were set to: 8 angles, 10 segments per line (QUA2 8 10), and 5 segments
in TRISO particles (QUAB 5). Table 3-11(a) contains the results for the discretization of the fuel cells
and Table 3-11(b) contains the same information for the graphite and coolant cells. Table 3-11(b) gives
also the results of different trials to determine whether the graphite and coolant cells had to be sectorized.
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It was concluded that the geometry is sufficiently discretized when there are 3 radii in the fuel pellet, no
sectorization, and no radial discretisation in the coolant cells and graphite cells. However, these studies
had not been completed at the outset, so the following parameters were used for further convergence
studies: 3 radii and sectorization in the fuel pellet, no sectorization in the other cells, and 1 radius with
sectorization in the graphite cells.

The next study was used to determine the parameters for the integration lines that will be adapted to the
geometry. Those parameters are called QUA2 and QUAB in DRAGON. QUA2 refers to the macroscopic
geometry, whereas QUAB refers to the double-heterogeneity model. Three iterations were kept for the
self-shielding. The results are given in Table 3-12. It shows that QUA2 4 8 is a good combination.

A study over the self-shielding iterations had also been performed. The parameters were set to

QUA2 8 10 and QUAB 5, to be fully converged at the geometrical level. Table 3-13(a) shows the results
for different options. This shows that the self-shielding iterations are totally converged after

two iterations. The effect of the correlation between the fissile isotopes was also studied. Until now, it has
been assumed that there was a mutual self-shielding between all of the resonant isotopes that had to be
taken into account. On the contrary, assuming that all isotopes can be self-shielded independently may
improve the calculation time, but it must be verified that it does not affect K. (see Table 3-13[b]).

Table 3-11. Convergence study for the single block: geometrical mesh.
(b) Graphite cell radial discretization, coolant

(a) Fuel cell radial discretization. and graphite cells sectorization.
Parameters Parameters
Number Azimuth. Number  Azimuth.
Cell Type ofRadii  Sector. K-eff Cell Type of Radii Sector. K-eff
Fuel 9 Yes Fuel 4 Yes
Graphite 1 Yes 1.26052 Graphite 6 Yes 1.26050
Coolant 1 Yes Coolant 1 Yes
Fuel 7 Yes Fuel 4 Yes
Graphite 6 Yes 1.26052 Graphite 4 Yes 1.26049
Coolant 1 Yes Coolant 1 Yes
Fuel 4 Yes Fuel 4 Yes
Graphite 6 Yes 1.26052 Graphite 2 Yes 1.26049
Coolant 1 Yes Coolant 1 Yes
Fuel 3 Yes Fuel 4 Yes
Graphite 6 Yes 1.26052 Graphite 1 Yes 1.26049
Coolant 1 Yes Coolant 1 Yes
Fuel 2 Yes Fuel 4 Yes
Graphite 6 Yes 1.26052 Graphite 0 None 1.26047
Coolant 1 Yes Coolant 1 Yes
Fuel 1 Yes Fuel 4 Yes
Graphite 6 Yes 1.26052 Graphite 1 Yes 1.26048
Coolant 1 Yes Coolant 1 None
Fuel 4 Yes
Graphite 0 None 1.26046
Coolant 1 None
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Table 3-12. Convergence study for the single block: integration lines.
Parameters
QUA2
No.
No. Angles Segments QUAB K-eff
8 10 5 1.26047
6 10 5 1.26047
4 10 5 1.26046
3 10 5 1.26052
2 10 5 1.26020
8 10 5 1.26047
8 8 5 1.26046
8 6 5 1.26044
8 4 5 1.26042
8 3 5 1.26040
8 10 8 1.26047
8 10 7 1.26047
8 10 5 1.26047
8 10 3 1.26003

Table 3-13. Convergence study for the single block: self-shielding.

(a) Number of self-shielding iterations (b) Self-shielding correlation
Parameters. Parameter.
Number of Self-shielding
Iterations K-eff Correlation K-eff
5 1.26047 Yes 1.26043
4 1.26047 No 1.26039
3 1.26047
2 1.26047
1 1.26046

In conclusion, the following model was conserved for all single-block calculations with SYBILT:
e  Geometrical discretization:

- Fuel cells (F): 3 radii inside the pellet (0.0 0.207 0.415 0.6225) and sectorization.
- Coolant cells (K, C): no radial discretization, no sectorization.
- Graphite cells (G, J): no radial discretization, no sectorization.

e Tracking:

- Four basis points for the angular integration of the blocks.
- Eight basis points for the spatial integration of the blocks.
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- Five basis points for the numerical integration of the collision probabilities in the micro-volumes
using the Gauss-Jacobi formula. Hébert double-heterogenity model is used (QUA2 4 8 QUAB
5 HEBE).

e Self-shielding: two external flux iterations for the self-shielding calculation, and handle all fissile
isotopes as non-correlated.

e [terative techniques were used to compute the self-shielding and the collision probabilities. With
those parameters, the following multiplication factor is obtained for the single block:

Kerspsys = 1, 26039. (3-6)
It is +56 pcm higher than the MCNP result. The agreement is comparable to the MOC (EXCELT).
Conclusion: Summary for the Single-block Calculations:

Table 3-14 summarizes the results obtained on the single-block model with the chosen parameters for the
two trackings.

The single-block model is used to produce homogenized cross sections over the whole block, condensed
to different numbers of energy groups. It is also used to produce cross sections for other DRAGON
calculations which avoid some details (e.g., in the supercell calculations, for which cross sections are
partially homogenized, or for the reflector calculation). In those cases, the EXCELT tracking is used
because it is more accurate than the SYBILT one.

Table 3-14. Convergence study for the single block: summary.

Code Tracking Module Solving Method K-eff Diff. to MCNP
MCNP \ Monte-Carlo 1.25969 £+ 0,00012 \
DRAGON SYBILT Pij 1.26039 +56 pcm
DRAGON EXCELT MOC 1.25911 -46 pcm

3.5 Reflector Model: DRAGON

3.5.1 Description of the Reflector Model

The reflector graphite properties for INSTANT have been calculated with a simplified 2-D cylindrical
model of the whole core. Fuel homogenized cross sections were first produced in 295 groups using the
single-block model, and then a cylindrical core geometry was used whose dimensions were determined
such that the total area of the real geometry for each annular region is conserved. Table 3-15 shows the
dimensions used. The number densities are the one corresponding to the INSTANT model, which ensures
consistency. A void boundary condition is set.
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Table 3-15. Determination of the corresponding radii for the reflector regions.

Type of Cumulated Adjusted
Region Material No. Hex. Area (cm?) Radius (cm)

1 Reflector 1 1128.61 18.954
2 Reflector 7 7900.29 50.147
3 Reflector 19 21443.64 82.618
4 Fuel 169 190735.59 246.400
5 Reflector 217 244909.014 279.208
6 Reflector 271 305854.11 312.020
7 Reflector 331 373570.89 344.835

The INSTANT calculation can be performed in P; or in P; approximation. In Py, a sort of diffusion
approximation in multigroup can be performed, as explained in Section 2.12.3. However, to do this, the
transport cross sections in DRAGON are required, which can only be produced with white boundary
conditions. Therefore, an extra ring was added 5.165 cm thick filled with '°B at the periphery with a white
boundary condition. This simulates the void condition because the density of '’Bis very high, so it can be
assumed that the neutrons will be absorbed. This is probably not strictly true for the fast neutrons, and it is
a source of error. The other solution is to work with a regular P; method in INSTANT. For this method,
one may use a void condition at the periphery, and therefore the extra ring of B'’ would not be needed.
Both have been done, which allowed to perform both types of calculations in INSTANT.

The reflector properties will be kept the same for the whole study, so as not to introduce a bias while
recalculating them with different methods or different cross sections for the fuel rings. This study focuses
only on the preparation of the fuel homogenized cross sections for INSTANT. Later, it would be naturally
possible to evaluate other methods of modeling the reflector.

For the same reason, one set of homogenized fuel cross sections must be chosen to perform all reflector
calculations. It was decided to use the EXCELT tracking to produce the fuel cross sections for the
reflector calculation because this module is considered as more accurate.

The reflector calculation was not validated using MCNP. Nevertheless, the SNT solver has been tested in
other projects at Montréal and has proven to be reliable. The K. of this model should also be relatively
close to the K¢ of the real one-twelfth core.

3.5.2 Convergence Study of the Reflector Model

A convergence study was necessary to choose the parameters in DRAGON for the reflector model,
especially the spatial discretization. Two solvers are available: the SNT solver and SYBILT. The criterion
to choose between them was convergence of K. The study was performed with the extra ring of B'®so
that a white boundary condition could be used and transport cross sections produced. The study was not
duplicated for both the real and simulated void conditions.

Convergence Study for the SNT Tracking:

Table 3-16(a) gives the results of different discretizations of the annular regions. G stands for the graphite
reflector, F for the fuel annular region and '°B for the external layer of boron. In DRAGON, the option
SPLITR enables a mesh splitting along the radial direction into zones of equal volumes. Other DRAGON
parameters were set to: SN14; LIVO 10 5; MAXI 100; EPSI 1E-05; QUADI10.
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Table 3-16. Convergence study for the reflector: geometry discretization and angular discretization.

(a) Spatial discretization. (b) No. of angles.
SPLITR: Number of volumes in region:
1 2 3 4 5 6 7 8
G G G F G G G B K-eff SN K-eff
-15 -15 -25 -50 -25 -15 -15 2 1.25208 22 1.25206
-10 -10 -20 -50 -20 -10 -10 -5 1.25207 18 1.25206
-20 -7 -8 -30 -8 -9 -10 -10  1.25204 14 1.25206
-10 -10 -20 -20 -20 -10 -10 -5 1.25206 10 1.25206
-5 -5 -10 -20 -10 -5 -5 -5 1.25208 6 1.25205
-20 -7 -8 -15 -8 -9 -10 -10  1.25201 4 1.25205

From this, one sees that the results are rather strongly influenced by the spatial discretization: some
discretization seems to be essential, even in the reflector regions. A good compromise between the
precision and the calculation time seems to be: SPLITR -10 -10 -20 -20 -20 -10 -10 -5, each number
corresponding to the number of divisions in each region. This leads to a K. of 1.25206, which is close to
the K¢ obtained with the highest discretization (1.25208). These options were kept for further
calculations.

The number of angles taken to do the calculation (SN) was then studied. Results are given in

Table 3-16(b). The eigenvalues are particularly stable even with a low number of angles. This comes from
the cylindrical symmetry. Fourteen angles were kept for the next calculations, but ten or even six would
likely have been sufficient. However, 14 angles enabled the use of previous calculations again for this
study. For the final model, 10 angles were used. Calculations with two different angular quadratures types
were then performed, whose results are given in Table 3-17.

The two quadratures give almost the same results. This parameter might have more influence in
3-D geometries. The quadrature number 10 was kept: a product of the Gauss-Legendre and the
Gauss-Chebyshev quadrature.

Table 3-17. Convergence study for the reflector: angular quadrature type.

Quadrature K-eff
4: Legendre-Chebyshev quadrature 1.25209
10: Product of Gauss-Legendre and Gauss-Chebyshev 1.25206

quadrature

The effect of the Livolant acceleration method (Table 3-18) was also examined.
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Table 3-18. Convergence study for the reflector: Livolant acceleration.

LIVO: Livolant acceleration

No. of
No. of Free Accelerated No. of Outer Calculation
Iterations Iterations K-eff Iterations Time (s)
30 5 1.25206 79 1434
20 5 1.25206 97 1046
10 5 1.25206 78 1347
5 5 1.25206 44 674
10 25 1.25206 35 727
10 20 1.25211 59 757
10 15 1.25206 68 800
10 10 1.25206 86 1120

Except for the trial with 20 accelerated iterations, all the eigenvalues were the same. Thus, it was

concluded that the case with 20 free iterations may have had numerical issues and may not be relevant.
Ten accelerated iterations and five free iterations were kept for the next calculations, but it seemed that

the best choice for the final model would be to take five free iterations and 25 accelerated iterations.

Finally, the effect of allowing different maximum numbers of thermal iterations in the flux solution (FLU

module) was studied. The results are given in Table 3-19. It shows no variation on the K., but the

number of thermal iterations has an effect on the duration of the calculation. Five thermal iterations will

be used to keep calculations as fast as possible.

The following settings were kept for all calculations on this geometry:

e SPLITR-10-10-20-20-20-10-10-5

e SNI0

e QUAD 10 (quadrature: product of Gauss-Legendre and Gauss-Chebyshev)
e LIVO525

e THERS51.10°.

Table 3-19. Convergence study for the reflector: Livolant acceleration.

THER: Maximum Number of No. of Outer
Thermal Iterations K-eff Iterations Durations (s)
5 1.25206 72 828
10 1.25206 78 1347
15 1.25206 92 1719
20 1.25206 88 1538
30 1.25206 75 1036
40 1.25206 78 1520
We obtain:

KeffReﬂ SNT — 1.25206.

(3-7)
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This is about 194 pcm higher than the K. obtained in MCNP for the one-twelfth core (see Section 4.1
page 100), which suggests that the reflector model is adequate. The external convergence is reached after
61 iterations and the calculation time is equal to 343 s in the FLU module.

Convergence Study for the SYBILT Tracking:

The same type of study was performed with a SYBILT tracking and the CP method. However, it was
necessary to put a smaller concentration of boron at the periphery to simulate the void boundary
condition. Otherwise, DRAGON was unable to perform the calculation due to excessively small collision
probabilities in the boron region. A higher concentration leads to convergence difficulties. The higher the
concentration of boron is, the better the simulation of the void condition may be, so it was decided not to
decrease the concentration used with the SNT tracking. This boron concentration is anyway completely
arbitrary and virtual, so the model whose K.f convergence is the best was kept. A linear anisotropic
model for the interface currents (DP01) was used, because this feature may increase the accuracy of the
solution.

The spatial discretization was first studied. Results of several settings are provided in Table 3-20.

Table 3-20. Convergence study for the reflector: spatial discretization.

SPLITR: Number of volumes in region:

1 2 3 4 5 6 7 8
G G G F G G G B! K-eff
-15 =20 -35 -50 -35 -30 20 -5 1.24737
-15 =20 -30 -45 -30 20 20 -5 1.24718
-10 -10 25 -40 25 -10 -10 -5 1.24470
-10 -10 20 -30 20 -10 -10 -5 1.24511
-10 -10 20 20 20 -10 -10 -5 1.24533
-20 -7 -8 -15 -8 9 -10 -10 1.24784
-5 -5 -10 -15 -10 -5 -5 -5 1.23869
2 -5 -10 -10 -10 -5 2 -1 123237
0 0 0 0 0 0 0 0 1.I1115

It was observed that the convergence is quite poor with this solver, even when the geometry is highly
discretized. SYBILT may have problems to converge with a large number of regions. The discretization
SPLITR -10 -10 -20 -25 -20 -10 -10 -5 was kept for the following calculations, but it is known that it is
not well converged.

The number of integration points needed was then examined (Table 3-21[a]).



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part Il: Prismatic
Reactor Cross Section Generation
March 2011 61

Table 3-21. Convergence study for the reflector: integration parameters and number of thermal iterations.

(a) Number of integration points. (b) Number of thermal iterations.
THER:
QUATL: Maximum
Number of Number of No. of
Integration Thermal Outer
Points K-eff Iterations K-eff Iterations Duration(s)
20 1.24522 5 1.24522 34 27
15 1.24520 10 1.24523 44 36
10 1.24521 20 1.24522 36 31
1.24523 30 1.24521 32 29
1.24523 40 1.24523 35 31
1.24522 50 1.24523 35 31

Seeing the results, five integration points were kept: QUA1 5. This ensured a good convergence and
minimized the calculation time. The effect of different maxima for the thermal iterations was then
examined (Table 3-21[b]). As shown, there are not significant differences, because usually the source
convergence is reached after a small number of iterations. Therefore, five thermal iterations were kept,
which minimizes the calculation duration.

The final parameters chosen for a SYBILT calculation on the reflector model were:

e SPLITR-10-10-20-25-20-10-10 -5

e QUAILS

e DPOI

e THER 5 EPSI 1.10°.

These gives:

Kerrrensys = 1.24522. (3-8)

The calculation requires only three outer iterations and a time of 27 s in the flux module. It confirms the
speed of this solver. However, the solution is quite unstable regarding the spatial discretization—the
eigenvalue was not converged while discretizing the geometry. Therefore, the spatial convergence cannot
be really insured. The eigenvalue was also farther from the eigenvalue calculated by MCNP on the one-
twelfth core model—a difference of -352 pcm was observed between this and the MCNP model (see
Section 4.1).

Decision for the Final Model of Reflector

Considering the results, it was decided to keep the SNT, which tracks all the calculations requiring
reflector properties. This solver may provide a better representation of the void boundary condition by
increasing the boron concentration by 100 if this feature is needed, and its convergence is much more
ensured than with SYBILT. The cylindrical geometry may be particularly suitable for the SN method
because the mesh proved to be stable with different spatial discretizations.

In conclusion, when the reflector calculation was performed with SN, an extra ring of boron and a
reflective condition at the periphery, it gave:

Kt Ref void = 1.25206. (3-9)
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The same model without boron and with a void condition at the periphery gives:
KeffReﬂ boron — 1.24656. (3-10)

Both K. are quite close to the eigenvalue of the one-twelfth core calculated by MCNP (+194 pcm and
-247 pcm, respectively), which suggests that this simplified model may be suitable to provide the reflector
Cross sections.

3.6 Supercell Model: DRAGON
3.6.1 Description of the Supercell Models

The supercell model attempts to find an intermediate path between the single-block model and a full
detailed one-twelfth core model. It consists of adding some external rings to the single-block model so
that the central block of interest is influenced by its neighbors. Therefore, the cross sections recovered
from this path should be weighted by a somewhat more realistic spectrum, but with a shorter calculation
time than in the case of directly modeling a one-twelfth core with all details in DRAGON.

The supercells have 33 rings of cells, which corresponds to one row of neighboring blocks next to the fuel
block of interest. In total, the model contains 3367 hexagonal cells. Three different types of supercells
were defined to allow for the various numbers of reflector blocks adjacent to the peripheral fuel blocks:
either 1, 2, or 3 reflector blocks. Figure 3-2 shows the geometries considered. The block of interest is
always the central fuel block, from which the homogenized cross sections are recovered.

P
j:|:| : |I|:0»:|:| 1 |||”E s
o o G_ :Il 0 339»9
(a) 1 Neighbo;ing Reflector (b)2 Neighb‘orning Reflector ()3 Neigl:t:;r-i;:gyReﬂector

Block. Blocks. Blocks.
Figure 3-2. Geometrical models for supercells.

A full detailed calculation of this domain with compacts containing double-heterogeneity would require a
large amount of memory and time. In addition, the version of DRAGON in use in this work uses an
addressing system in 32 bits. This implies that the different objects created to store the data cannot exceed
a size of about 2.1 GB. This limitation forces the declaration of homogeneous cells for which
homogenized cross sections have to be prepared using the single-block model. It also prevents the use of
the method of CP with the EXCELT tracking because the building of the Pij matrices requires more
addresses than are available.

In general, the SYBILT tracking is not considered reliable for such a large domain, it was decided to keep
the possibility to do this kind of calculation with the EXCELT tracking and the MOC, because the MOC
solver is able to use iterative techniques instead of building full matrices.
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To reduce the calculation time, a single-block calculation is performed first and the cross sections are
homogenized separately, depending on their location. Supercells are then constructed with cross sections
for the fuel pellet, the graphite surrounding the fuel pellet, the small coolant cells, the large coolant cells,
the plain graphite cells, and the graphite cells of the boundary whose densities are adjusted so that the
same number of graphite atoms between the DRAGON models and reality (MCNP) is conserved.
Keeping the fuel pellet inside its surrounding graphite instead of homogenizing the whole fuel cell may
increase the accuracy, and it also makes the spatial convergence of the source easier.

Ideally, one would not condense the group structure after the single-block calculation, so that the
supercell calculation is performed with 295 groups. This is the usual way to do lattice calculations.
However, keeping 295 groups for the supercell calculation is very time consuming, especially if
discretized geometry is used with the EXCELT tracking module and the MOC. A way to manage this
problem consists of condensing the cross sections to 26 groups after the single-block calculation and
performing the supercell calculation with only 26 groups. The consequences of this are evaluated in
Section 4. However, it may not be adequate if depletion calculations are needed.

After the supercell calculation, the block of interest is homogenized, eventually condensing the group
structure. Then the cross sections are recovered to be transferred to INSTANT. The boundary fuel blocks
in INSTANT will have cross sections coming from supercell models, whereas the central fuel blocks
remain calculated using the single fuel block model of DRAGON. Indeed, building a supercell for them
with only fuel neighboring blocks should deliver the same result as the reflective fuel block because all
neighbors are copies of the central fuel block of interest.

The tracking module used to do the calculation is critical. The use of SYBILT decreases the calculation
time by a factor of 10 compared to EXCELT. However, the SYBILT tracking may not be accurate for
such a large domain (personal communication with Alain Hébert). Therefore, it was decided to use
EXCELT as well, and a convergence study has been performed with both tracking modules to determine
the appropriate parameters. Results will be presented for both modules in Section 4.

EXCELT enables the use of two types of solving methods for the transport equation: the MOC or the CP
(P1J). The limitation in the addressing system prevents the use of the P1J method, but the MOC solver is
working with iterative techniques and is supposed to deliver more accurate results especially when there
is anisotropy. Graphite leads to rather isotropic scattering, so that if one is using a 64-bit version of
DRAGON, a switch from MOC to P1J might be interesting to save time.

3.6.2 Convergence Study for a Supercell Model with 2 Steps

It is assumed that the supercells are similar enough so that all that is necessary is a convergence study
over just one type of supercell. The supercell where the block of interest is surrounded by three reflector
blocks (see Figure 3-2[c]) was selected. A MCNP calculation was performed for this supercell. The
reference K. obtained through MCNP was:

Kt menp supcen = 1.30955 £ 0.00011. (3-11)

The supercell model was built with homogeneous fuel pellets surrounded by graphite in the fuel cells, and
homogeneous hexagonal cells for the others (coolant and graphite cells). A white reflective boundary
condition was set. All cross sections for the supercell calculations were first generated by DRAGON
using the single-block model (MOC with converged parameters) described above in Section 3.4.2.

EXCELT - Method of Characteristics

The flux calculation is first studied with the MOC and EXCELT. This method enables the use of iterative
techniques instead of computing the whole collision probabilities matrix. This matrix is usually too large
to store in memory (DRAGON encounters are addressing the problems). However, it is likely that a
converged mesh for MOC will be suitable for a calculation using collision probabilities. Thus, a mesh that
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showed to be discretized enough for one method may also be adequate for the other. Furthermore, it is
very likely that the number of groups may not impact the precision of the tracking. Therefore, the
convergence study will be done starting with 26 groups to save time. It is assumed that the mesh that will
show convergence in 26 groups will also be converged for a calculation with 295 groups.

EXCELT enables the user to define the density of lines over the geometry and the number of angles. It is
also possible to discretize and sectorize the cells.

The first set of calculations will study the density of lines. The number of angles will be kept at four
angles to minimize the calculation time. Moreover, the anisotropy of this reactor is low, which leads to
good results even with a small number of angles. The geometry is not discretized nor sectorized. Results
are given in Table 3-22(a). It was concluded that a density of 10 lines per cm is enough to converge on
this parameter.

Table 3-22(b) records the results for different numbers of angles but a constant density of lines set to

20 lines.cm™. The other parameters are the same as above. It was concluded that four angles are enough to
describe this geometry. This small number is due to the graphite being rather isotropic because of its high
mass compared to the neutrons. On the contrary, if the moderator was water, the hydrogen would have a
mass near to the one of the neutrons, which would introduce more anisotropy in the calculation and
probably necessitate a finer angular discretization.

Table 3-22. Convergence study for the supercell: tracking parameters.

(a) Density of lines. (b) Number of angles.
TISO TISO
No. Density No. Density
Angles  (lines.cm™) K-eff Angles  (lines.cm™) K-eff

4 500 1.31283 36 20 1.31286
4 400 1.31283 30 20 1.31285
4 300 1.31283 24 20 1.31285
4 200 1.31284 18 20 1.31284
4 100 1.31283 12 20 1.31281
4 70 1.31283 10 20 1.31286
4 40 1.31283 8 20 1.31285
4 30 1.31283 6 20 1.31255
4 20 1.31283 4 20 1.31283
4 10 1.31282 2 20 1.31255

Finally, some calculations were performed to see if further discretization of the geometry would
significantly change the K¢ For those calculations, eight angles and 70 lines per cm were used. The
geometry was sectorized and radially discretized in the fuel and then in the other types of cells.

Table 3-23(a) gives the results. From this, one sees that the radial discretization of the fuel pellet is not of
interest, but the sectorization introduces about 58 pcm of difference, which is not negligible. Therefore, in
the final model, the sectorization of the fuel cells is retained.

Three radii were kept in the fuel pellet and the sectorization was performed into six triangles to study the
effect of discretization in the surrounding graphite and coolant cells. Results are given in Table 3-23(b).
This shows that there is a very significant effect of the sectorization in the graphite cells. Fortunately, they
do not require fine radially discretization, but the sectorization complicates the input decks, and above all
it necessitates more memory resources and it slows down the calculation.
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Table 3-23. Convergence study for the supercell: fuel and graphite cell discretization and sectorization.

(a) Fuel cells. (b) Graphite cells.
Geometry Geometry

Number Number

of Radii  Sectorization K-eff of Radii Sectorization K-eff
9 Yes 1.31210 3 Yes 1.30843
6 Yes 1.31211 2 Yes 1.30843
5 Yes 1.31210 1 Yes 1.30850
1 Yes 1.31209 1 No 1.31210
1 No 1.31285

In conclusion, the following settings were adopted for the supercells using EXCELT and the MOC:

e  Tracking parameters: TISO, four angles, 10 lines.cm™

e Fuel cells: no discretization of the pellet: radii 0.0 0.6225. Sectorization into six triangles.

e Graphite and coolant cells: 1 radius at 0.4 cm and sectorization.

With this configuration and 26 groups, the following is obtained:

Ketrsc moc 26 = 1, 30854 (3-12)

which is at -77 pcm from MCNP. The external convergence is reached after 44 iterations. A complete
calculation with the generation of the cross section files takes slightly less than 3 hours on a single
processor.

With 295 groups, the following was obtained:
Kefrsc moc 205¢r = 1.30807 (3-13)

which is at -113 pcm of MCNP, that is to say the same order of magnitude. The calculation times differ
greatly: 2 h 39 min with 26 groups compared to 82 h 10 min with 295 groups (e.g., 3, 5 days).

The other two types of supercell were built with the same parameters.

SYBILT - Method of Collision Probabilities

The calculation on supercells were also performed with the SYBILT tracking module. This module uses
the CP method and the interface currents method so that the calculation time is greatly decreased.
However, the module is usually not trusted on large lattices, and therefore it has to be compared to
another module.

A convergence study was performed following the same scheme as for EXCELT, so extensive
explanation is not repeated here. The feature DPO1 prevented the code from converging, so all cases set a
DPO0O condition (i.e., an isotropic distribution of the current at the interfaces). Table 3-24 gives the
different eigenvalues obtained when varying the integration parameters. QUA2 4 8 (four angles, eight
basis points) was kept for the next calculations.

The discretization of the geometry on fuel and graphite cells was then investigated (Table 3-25).

Table 3-25(a) shows that the radial discretization is not important in the fuel cells, but that the
sectorization has a strong impact on the K ¢ The sectorization with no radial discretization was kept for

the fuel cells in the following calculations, which evaluate different configurations for the other types of
cells (Table 3-25[b]).
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Table 3-24. Convergence study: number of angles and basis points.

QUA2
No. of Angles No. of Segments K-eff
8 10 1.28670
6 10 1.28671
4 10 1.28670
3 10 1.28671
2 10 1.31283
8 10 1.28670
8 8 1.28671
8 6 1.28670
8 4 1.28666
8 3 1.28665

Table 3-25. Supercell: discretization, sectorization of the graphite and coolant cells.

Geometry Geometry
Number Number of
of Radii  Sectorization K-eff Radii Sectorization K-eff
6 Yes 1.28672 3 Yes 1.28651
3 Yes 1.28672 1 Yes 1.28671
1 Yes 1.28671 1 No 1.29134
1 No 1.28798 0 No 1.29137

For the graphite or coolant cells, the sectorization proved to be important as well, and so did the radial
discretization to a lesser extent. Those features will be kept in the final model. Again, this will
significantly slow down the calculations, as was the case with the EXCELT tracking method.

In conclusion, the following model was kept for all supercells which use the SYBILT tracking module:
e Tracking parameters: QUA2 4 6
e Fuel cells: no discretization of the pellet: radii 0.0 0.6225 (cm). Sectorization into six triangles.

e Graphite and coolant cells: three radii at 0.0 0.207 0.415 0.6225 (cm) and sectorization into six
triangles.

With this configuration and 26 groups, the following is obtained:
Kersc sy 26gr = 1.28650 (3-14)

which is at -1760 pcm compared to the MCNP result. The external convergence is reached after
26 iterations. A complete calculation with the generation of the cross-sections files takes slightly less than
7 minutes in 26 groups on a single processor.

With 295 groups, it takes about 8 hours and the following was obtained:
Kefrsc sy 2osgr = 1.28544. (3-15)

This is at -1841 pcm of the MCNP eigenvalue. Curiously, the error seems to be higher with more groups,
but it remains in the same order of magnitude.
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Notice here that the SYBILT solver is much faster than the MOC solver. In 26 groups, performing the
calculation with the MOC takes already too much time, not speaking of the week needed to perform it in
295 groups. However, the SYBILT solver seems to be less accurate when comparing its eigenvalue to the
MCNP results. It will be evaluated whether this poor lattice solution really affects the cross section
generation and to what extent compared to the MOC, which appears to be more reliable.

In the future, the MOC solver may be improved by some parallelization of the code and better
acceleration techniques. However, this is outside the scope of this work.
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4. RESULTS AND DISCUSSION OF A CALCULATION SCHEME FOR
THE DEEP BURN VHTR

4.1 Reference MCNP Calculation

In MCNP, the Keff for a one-twelfth core calculation with a void boundary condition is 1.24963 +
0.00010. This will be used to evaluate other solutions coming from INSTANT calculations, along with
the average fission rates over each block. These give a measure of the accuracy of the shape of the flux
and of the cross sections. This point is of capital importance from an industrial point of view for
predicting the power peaks as well as the depletion of the fuel.?

All calculations were performed on the high-performance computer Helios of INL using a single node
with four Intel* Xeon” processors for each calculation. Each processor has a frequency of 2.66 GHz. Once
selected, the node is reserved for the calculation, so that each input is running alone.

4.2 First Path: Cross Sections from Single-block Paths

In this first section, results are presented of INSTANT calculations obtained with cross sections generated
by the single-block path in DRAGON.

4.2.1 MOC Path: Comparison of the Eigenvalue
Single Block, Double Heterogeneity, 295 Groups, MOC

A first set of core calculations was performed where the fuel cross sections were generated by the
single-block model computed from scratch (including compacts containing double heterogeneity, with
295 energy groups, abbreviated by DH295) with the MOC. In most cases, the homogenized cross sections
were then condensed to a coarse energy structure. Table 4-1 summarizes the results for every
group-structure used in INSTANT whole core calculations.

Table 4-1. Single block, case MOC DH295: eigenvalues.

SB MOC DH295
P; scat 1
No. of Groups in Deviation from
INSTANT Core K-eff MCNP (pcm)
295 1.25010 38
26 1.25023 48
23 1.24970 6
12 1.24968 4
10 1.24987 19
9 1.24660 -242
6 1.24758 -164
4 1.20891 -3259
2 1.21162 -3042

® References herein to any specific commercial product, process, or service by trade name, trademark, manufacturer,
or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the U.S.
Government, any agency thereof, or any company affiliated with the Idaho National Laboratory.
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The deviation is calculated with the following formula:

- K -K
Deviation = eff INSTANT— B eff MCNP | 105 (pcm) (4_1)
Keff MmcNP

First, it can be seen that when a sufficiently high number of groups is used in the whole core calculation,
the agreement between deterministic calculation and MCNP is quite good. This is especially the case
between 295 groups and 10 groups.

These results are very encouraging, because they show that keeping a quite large number of groups in the
whole core calculation may help to reduce the errors created by a lattice calculation, which does not take
into account the environment. The rather inaccurate neutron energy spectrum used to homogenize cross
sections over the single block may be partially compensated for by keeping a large number of groups, so
that the neutron energies may be redistributed during the core calculation, thus accounting for
neighboring reflector blocks, which were not present in the lattice calculation.

It can also be observed that keeping 26 groups at the core level is enough to reproduce the results
obtained with 295 groups, with a discrepancy as small as 10 pcm. This shows that there is no need to
perform the core calculation with 295 groups if the single-block path is used. It does not provide such an
improvement, which would indicate a better modeling of the physics in the core. This statement is valid at
this point for the determination of the eigenvalue only. A study of the fission maps is still to complete this
statement.

With the nine groups and fewer in INSTANT, the results are becoming worse, or even completely wrong
with four or two groups. The definition of the group boundaries may explain that better results are
achieved with six groups than with nine groups. Compensation of errors can also give fortuitous results in
eigenvalue.

On a more general consideration, the establishment of the boundaries for the groups seems to have a large
influence, as the accuracy seems to be improved with 23 groups compared to 26 groups. This may be due
to more appropriate boundaries of the 23-group structure, which may avoid cutting some resonances. A
deeper analysis should be performed to confirm this statement and an optimized group structure may be
adapted to this fuel.

Single Block, Homogeneous Hexagons, 295 Groups, MOC

A second set of core calculations were performed where the fuel cross sections had been generated by the
single-block model computed using a previous single-block calculation, which gives homogeneous cross
sections for the individual hexagonal cells in 295 groups (abbreviated by HOM295). This was done to
provide a fair comparison to the supercell paths. Again, MOC was used for the DRAGON calculations.

Table 4-2 summarizes the results for every group structure. They are very similar to those computed from
the original detailed block model. It means that the first single-block calculation was well suited to carry
the double-heterogeneity effect through the homogenization. It is encouraging to see this result, because it
indicates that the supercell calculations will be started with a good set of cross sections. Indeed, the same
initial set of cross sections will be used for this case.

The agreement with MCNP is essentially equivalent to the previous results given that some discrepancy is
expected between MCNP and a deterministic code. It shows that both ways are relevant and that it will be
worthwhile to analyze the fission maps of the supercell paths.
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Table 4-2. Single block, case MOC HOM295: eigenvalues.

SB MOC HOM295
P;scat 1
No. of Groups in Deviation from
INSTANT Core K-eff MCNP (pcm)
295 1.24971 6
26 1.24977 11
23 1.24947 -13
12 1.24926 -30
10 1.24947 -13
9 1.24625 -270
6 1.24716 -198
4 1.20861 -3283
2 1.21094 -3096

Single Block, Homogeneous Hexagons, 26 Groups, MOC

Here, to generate homogenized cross sections for INSTANT, a single-block calculation was performed
using homogeneous cells, but this time starting with 26 groups. It means that a first detailed single-block
calculation is performed in 295 groups to produce homogenized cross sections for each type of elemental
hexagonal cells, but those cross sections are condensed to 26 energy groups instead of keeping the initial
295-group structure. Then a single-block calculation with homogeneous elemental hexagonal cells is
performed with 26 groups, producing homogenized cross sections for the entire fuel block, which are
used in the INSTANT whole core calculation. The cross sections may be condensed to a coarser energy
group structures (with less than 26 energy groups) before doing the whole core calculation. The MOC
solver was used in DRAGON.

This has been done for two reasons:

e Supercell calculations starting with 26 groups are much easier to complete. A fair comparison was
needed for the single-block paths to estimate the added value of carrying a better spectrum at the
lattice level.

e It provides an estimation of the influence of the number of groups taken at the lattice level for a
standard fuel block.

Table 4-3 summarizes the results. Fewer types of group structures could be used because starting with
26 groups, the possibilities of choosing new boundaries are limited by the boundaries of the 26-group
structure. It happens that the 23, 13, and 9-group structures could not be produced because some of their
epithermal groups were located inside one large energy group of the 26-group structure. As it is not
straightforward to unfold an energy group into smaller intervals, the condensation was not performed for
them.

The 10-group structure used in these calculations was created from the 12-group structure to take

into account this problem. Other group structures were left alone. Nevertheless, the 26-group calculation
is here probably the most interesting of them, because the run time in INSTANT is already very
manageable.
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Table 4-3. Single block, case MOC HOM26: eigenvalues.

SB MOC HOM26
P;scat 1
No. of Groups in Deviation from
INSTANT Core K-eff MCNP (pcm)
26 1.25060 78
10 1.25070 86
6 1.24743 -176
4 1.21207 -3006
2 1.21211 -3002

The same errors can be observed appearing when using fewer than 10 groups in INSTANT. The results
with 26 or 10 groups are quite comparable. They both lead to a higher eigenvalue than the previous
calculations, but it remains acceptable. It is shown here that conducting a lattice calculation with

26 groups instead of 295 may be conceivable if it is necessary due to time constraints. Otherwise, it is of
course preferable to conserve 295 groups at the lattice level.

4.2.2 SYBILT Path: Comparison of the Eigenvalue

In this section, all calculations over the single blocks were performed using the SYBILT solver, that is to
say a CP method and the interface current coupling method. When a previous calculation was necessary
to perform a pre-homogenization, the same set of cross sections for the MOC calculation was used to be
consistent.

Single Block, Double Heterogeneity, 295 Groups, SYBILT
Table 4-4 presents the results using directly the double-heterogeneity model.
Table 4-4. Single block, case SYB DH295: eigenvalues.

SB SYB DH295

P; scat 1
No. of Groups in Deviation from
INSTANT Core K-eff MCNP (pcm)
295 1.25105 114
26 1.25114 121
23 1.25084 97
12 1.25069 85
10 1.25089 101
9 1.24764 -159
6 1.24863 -80
4 1.20993 -3177
2 1.21270 -2955

The SYBILT solver clearly gives worse results than the MOC, but the eigenvalues are reasonably good.
The error is about 100 to 140 pcm with MCNP, which is around a factor of two larger than the errors
obtained with the MOC.
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The SYBILT solver is faster than the MOC. This advantage may be reduced in the near future, as the

development team of the Ecole Poly-technique de Montréal is considering working on other acceleration
methods for the MOC solver.

Single Block, Homogeneous Hexagons, 295 Groups, SYBILT

As mentioned previously, the cross sections used to perform the homogeneous calculations in DRAGON
were recovered from a heterogeneous single-block calculation with MOC so that subsequent DRAGON
calculation are started with the same set of cross sections.

Table 4-5 summarizes the results for every group-structure.
Table 4-5. Single block, case SYB HOM?295: eigenvalues.
SB SYB HOM295

P; scat 1
Deviation from
No. of Groups Core K-eff MCNP (pcm)
295 1.25024 49
26 1.25031 54
23 1.24994 25
12 1.24993 24
10 1.25011 38
9 1.24691 =218
6 1.24776 -150
4 1.20897 -3254
2 1.21184 -3024

Note that the eigenvalues of the better group-structures (from 10 to 295 groups) agree well with MCNP.
This may come from the fact that the SYBILT calculation was begun with a set of cross sections that have
been generated by the MOC. The double-heterogeneity treatment may be better handled by the MOC
solver, and the calculation with homogeneous cells is easier for SYBILT. It would explain the fact that we
see a better agreement between the MOC and the SYBILT calculations.

Again, calculations with fewer than 10 groups appear irrelevant.
Single Block, Homogeneous Hexagons, 26 Groups, SYBILT

Finally, Table 4-6 shows the results for the available group-structures starting with 26 groups and
homogeneous cells. The same set of cross sections as for the MOC method was used.

The results are quite similar to those obtained with the MOC. The same explanation is proposed—cross
sections were prepared by an MOC solution so that the double-heterogeneity treatment is performed with

an accurate solver, and then the calculation over homogeneous cells leads to a good agreement with
MCNP.

Compared to MCNP, there is an error of about 90 to 110 pcm in the best cases (26 and 10 groups).
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Table 4-6. Single block, case SYB HOM26: eigenvalues.
SB SYB HOM26

P;scat 1
No. of Groups in Deviation from
INSTANT Core K-eff MCNP (pcm)
26 1.25074 89
10 1.25099 109
6 1.24765 -158
4 1.21241 -2978
2 1.21243 -2977

4.2.3 Fission Rate Maps
General Overview of the fission Rate Maps for the FirstPath

To compare various whole core solvers, power shape is an important metric. However, INSTANT does
not contain information on energy per fission. Therefore, in this work, fission rates were used for
comparison to MCNP.

It is not possible to plot all fission maps in all cases in this report. It was decided to present the fission
maps obtained from the single-block case starting with double heterogeneity and without condensation in
energy groups, so that the INSTANT calculation is performed with 295 groups. The P; calculation was
used in INSTANT. Those choices were driven by the consideration that this case should theoretically be
the best case of all the calculations using the single-block path.

Figure 4-1 shows a detailed fission rate map of the core. Starting from the center, there are first blocks of
reflector containing no fissile elements and therefore no fissions. Then the first inner ring of fuel blocks is
encountered where the fission rate reaches a maximum and then decreases. The gradient inside this block
is very important, and presents a modeling challenge. Though in an actual design, this power peak would
be suppressed with burnable poisons, the thermal flux peak still needs to be accurately resolved in any
case.

The fission peak is explained by the high number of thermal neutrons coming from the reflector, which
are quickly absorbed inside the first few cells containing fuel. Because the fuel surrounds the inner
reflector, the thermalization of neutrons is very efficient because leakage is not likely to occur. Almost all
fast neutrons emitted by the core and entering the inner reflector are well thermalized and then reabsorbed
in the innermost fuel adjacent to the central reflector.
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Figure 4-1. Map of the detailed fission rates in the core -SB, 295 groups.

Moving radially outward from the power peak, the fission rates decrease. The reflector is probably no
more affecting the flux, and a shape that follows approximately the fundamental mode with leakage may
be observed. But upon reaching the outer fuel boundary adjacent to reflector, the fission rate rises again
and forms a second peak before vanishing at the outer reflector. This peak comes from the neutron
thermalization in the outer reflector; some neutrons coming from the fuel enter the reflector, are
thermalized, and re-enter the fuel where they are absorbed quickly in the first fuel cells. This peak is
smaller because contrary to the inner part, leakage is more probable. Figure 4-2(a) shows the same data
on a 3-D plot, where the fission average is normalized to 1.

It is also possible to plot the fission rate along a line taken across the core, starting inside the reflector,
crossing the fuel regions and finishing in the outer reflector. This is shown in Figure 4-2(b).

In this plot, the power peaks at both fuel/reflector interfaces are well appearing, with the highest power
reached at the inner interface. The power in the reflector is null, naturally.

There is a factor of 4.2 between the average fission rate (normalized to 1 here) of the fuel and the
maximum fission rate at the inner interface. In an actual design, burnable poisons and control rods will
flatten the peak. The goal is to achieve the flattest power distribution as possible while the reactor remains
critical. This is important regarding thermo-hydraulic concerns, mechanical concerns to minimize the
stress in the TRISO’s particles, and also regarding the depletion of the fuel, which should be as
homogeneous as possible to increase the duration of one campaign and facilitate the refueling operations
such as the treatment and recycle process of the spent fuel. However, the peaks may not disappear
completely and the spectral effect will still be present.
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Figure 4-2. Fission rates using SB model and 295 groups in INSTANT.
This awkward shape of the flux is characteristic of an annular core like those designed for VHTR. The
annular design was chosen so that it will withstand conduction cool-down.

Figure 4-3(a) shows the flux for neutrons belonging to Group 295, that is to say the neutrons of lowest
energy. The scale is arbitrary.
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(a) Thermal flux in the core, Group 295. (b) Fast flux in the core, Group 1.

Figure 4-3. Flux analysis: SB MOC DH295, 295 groups.

This shows that the reflector moderates the neutron energy spectrum. As explained above, a larger fission
peak is expected in the first row of fuel blocks than in the outer row. Indeed, the flux is lower at the outer
interface because of greater leakage.

On the contrary, the neutron flux in Group 1 (Figure 4-3[b], arbitrary scale), where neutrons have the
highest energies, is logically high in the fuel regions and nearly null in the reflector. We notice that the
peak of the fast flux is located on the inner part of the fuel. This is because of the fission rate is higher in
the inner part of the fuel, generating more fast neutrons in this region.



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part II: Prismatic Reactor
Cross Section Generation
76 March 2011

Finally, a fission rate map is shown where the fission rates have been averaged over each hexagonal block
(Figure 4-4[a]). This will allow comparison with block-averaged fission rate tallies from MCNP.

In these plots, the fission rates have been normalized such that the average of the fission rates over all fuel
assemblies in the core are equal to 1. Similar power peaking observations can be made. As seen in
previous plots, we observe the two thermal peaks in the fuel regions adjacent to the reflectors, with a
higher peak in the inner part.
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(a) Block-averaged Fission Rates. (b) Percent Error on Block-averaged Fission Rate.

Figure 4-4. SB MOC DH295, 295 groups - block-averaged fission rates and associated error compared to
the MCNP reference calculation.

The formula used to generate the errors is in each block is given by:

Fission rate in INSTANT -Fission rate in MCNP

Fission rate in INSTANT —Fission rate in MCNP
Error = X 100(%) (4'2)

Fission rate in MCNP

Figure 4-4(b) shows the differences observed between the case SB MOC DH295 295 groups with the
MCNP reference. Note that the largest statistical uncertainty on the fission rate tallies in MCNP is worth
9.10%, so about 0.1%.

From this, it can be observed that the inner regions of the fuel is under-predicting fission rates relative to
the MCNP results, while it over-predicts the fission rate in the innermost ring of fuel at the inner interface.
There is an over-estimation of 1.83% at the inner fuel reflector interface, and an under-estimation of
-0.98% in the middle-right of the core. In average, we have -0.14% of errors with MCNP. The standard
deviation is equal to 0.81%, which is quite large compared to the average value. This is due to the high
magnitude of the errors in the inner peripheral blocks.

Figures 4-5, 4-6, and 4-7 give the same types of maps for different group condensations. With six or more
groups, the global aspect of the fission maps remains the same with the presence of two peaks in the
blocks surrounded by reflector. With two or four groups, this shape totally disappears.

Figures 4-8, 4-9, and 4-10 show the results of the comparison with MCNP. It appears more clearly that
the two and four group structures give a poor shape for the power calculation in the fuel blocks. In the
next section, summary information will be presented on the fission maps for each type of calculation in
DRAGON, each type of calculation in INSTANT and each condensation (see Section 4.2.3).
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Figure 4-5. Fission maps for various group condensations in INSTANT, SB MOC DH295.
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Figure 4-8. Block-averaged percent deviation from MCNP fission rate for various group structures in

INSTANT, SB MOC DH295.



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part II: Prismatic Reactor
Cross Section Generation

80 March 2011
1.303 0.3544
-0.7384 99 -0.1330 99
0.1736 -0.08828
-0.3912 *%% -0.3096 *%° ]
-0.9560 -0.5309
Max: 1.303 zq0 ng: 0.3544200 -
Min: -0.9560 Min: -0.5309
v-Axis 159 r-Axis 150
fem) (em)
100 100 -
50 50

150 200 250 Joo

o 430 I-Axis (em)

150
X-Axis (em)

(a) SB, 10 Groups. (b) SB, 9 Groups.
0.7586
- 0.3948 %0
0.03106

-0.3327 *%

-0.6964
Max: 0.7586200 -
Min: -0.6964

r-Axis150 ]
fem)

150 200 250 200
I-Axis (em)

(c) SB, 6 Groups.

Figure 4-9. Block-averaged percent deviation from MCNP fission rate for various group structures in
INSTANT, SB MOC DH295 (continued).
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Figure 4-10. Block-averaged percent deviation from MCNP fission rate for various group structures in
INSTANT, SB MOC DH295 (end).

Extensive Study of the Fission Maps

The following tables summarize the fission rates obtained through the single-block paths with maximal
positive errors (Max), maximal negative errors (Min), average of the errors (Av. ), standard deviation of
errors (Std o) and the absolute deviation (AbsD), which is the average of the absolute errors.

Single-block, MOC Models. Table 4-7 shows the results using MOC and the detailed double
heterogeneity. Curiously, the 9-group structure gives the best results compared to MCNP with errors in
the interval [-0.3%; +0.24%)], a small average error and a small standard deviation or absolute average
deviation. This unexpected result does not appear consistent with the K¢;ranalysis shown previously,
where the 9-group structure lead to a Keff much farther from the reference MCNP value.

Table 4-7. Single block, case MOC DH295: fission rate study.

No. of SB MOC DH295
Groups in P; scat 1
INSTANT Max Min Av. u Std o AbsD
295 1.83 -0.98 -0.14 0.81 0.69
26 1.79 -0.99 -0.13 0.85 0.74
23 1.83 -1.04 -0.14 0.90 0.80
12 1.27 -0.91 -0.10 0.73 0.68
10 1.30 -0.96 -0.10 0.76 0.71
9 0.35 -0.53 -0.009 0.48 0.25
6 0.76 -0.70 -0.06 0.29 0.45
4 11.2 -14.5 0.99 9.36 9.01
2 10.8 -14.4 1.01 9.22 8.86

Using two or four groups is clearly not sufficient to achieve good precision. When the fission rates are
plotted, it is clear that the gradients are completely missed, with the maximum reached in the center of the
fuel regions instead of the regions adjacent to reflector blocks. The other group-structures better match the
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MCNP reference with small errors. But, perhaps unexpected, it does not show that the calculation with
295 groups in the whole core calculation is the closest to MCNP regarding the fission rates.

Table 4-8 gives the results for the path using a pre-calculation and the MOC. It is very similar to the
previous ones. Indeed, the DRAGON calculations have been done with the same number of groups, and
the cross sections were probably well homogenized by the code before entering the main calculation.
Therefore, the resulting cross sections passed to INSTANT are very similar to those coming from a direct
single-block model with all details, and it leads to similar whole-core results.

Table 4-8. Single-block, case MOC HOM295: fission rate study.

No. of SB MOC HOM?295
Groups in P; scat 1
INSTANT Max Min Av. u Std o AbsD
295 1.86 -0.99 -0.14 0.82 0.70
26 1.82 -1.01 -0.14 0.86 0.76
23 1.85 -1.05 -0.14 0.91 0.81
12 1.29 -0.93 -0.10 0.75 0.70
10 1.33 -0.97 -0.10 0.78 0.73
9 0.35 -0.51 -0.007 0.28 0.24
6 0.78 -0.71 -0.06 0.49 0.46
4 11.2 -14.5 0.99 9.46 9.01
2 10.8 -14.4 1.01 9.31 8.86

Again, it is observed that although the K.rmatched best between INSTANT and MCNP with

larger numbers of groups (23, 26, 295), the fission rate distribution matches best at 9 groups. This is
counter-intuitive because more groups should enable one to carry more spectral information and produce
more accurate results.

The fission rates remain close to MCNP when the calculations are started with only 26 groups in
DRAGON (Table 4-9). It seems that this approximation works well.

Table 4-9. Single-block, case MOC HOM?26: fission rate study.

No. of SB MOC HOM26

Groups in P; scat 1

INSTANT Max Min Av. u Std o AbsD
26 2.05 -1.03 -0.16 0.87 0.71
10 1.47 -0.91 -0.11 0.71 0.60
6 1.13 -0.69 -0.09 0.55 0.48
4 9.90 -12.7 -0.85 8.27 7.88
2 10.6 -14.2 -0.98 9.19 8.75

Single-block, SYBILT Models. The same study was produced with cross sections generated using
SYBILT in DRAGON and the single-block path. Table 4-10 shows results from the path directly using
the double-heterogeneity model, whereas Table 4-11 shows results using cross sections computed in
295 groups with a pre-calculation over a block, and Table 4-12 give the results for a calculation
performed in 26 groups.
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The results are very similar to those obtained from cross sections computed with EXCELT. Curiously,
they seem to be even slightly better than the previous results where MOC was used (e.g., in Table 4-10)
with 295 groups in INSTANT, the errors are located inside the interval [-0, 94;1, 77] whereas with the

MOC path (Table 4-7), the errors are inside the interval [-0, 98;1, 83]. So the width of the errors becomes

a bit smaller with the SYBILT path. It is difficult to explain, but the magnitude of the difference is not

significant. The conclusion is that regarding the single-block model and the resulting fission rate maps in

INSTANT, the MOC and the SYBILT solvers are quite equivalent. On the Eigenvalues, the differences
and the advantage of the MOC in DRAGON were more apparent.

Table 4-10. Single-block, case SYB DH295: fission rate study.

SB SYB DH295

No. of
Groups in P; scat 1
INSTANT Max Min Av. u Std o AbsD
295 1.77 -0.94 -0.13 0.78 0.66
26 1.73 -0.96 -0.13 0.82 0.72
23 1.76 -1.00 -0.13 0.86 0.77
12 1.20 -0.87 -0.11 0.70 0.65
10 1.24 -0.91 -0.09 0.73 0.68
9 0.37 -0.57 -0.09 0.31 0.28
6 0.69 -0.66 -0.05 0.44 0.41
4 11.2 -14.5 0.99 9.45 9.00
2 10.8 -14.3 1.01 9.30 8.85
Table 4-11. Single block, case SYB HOM295: fission rate study.
No. of SB SYB HOM295
Groups in P; scat 1
INSTANT Max Min Av. u Std o AbsD
295 1.83 -0.97 -0.14 0.81 0.68
26 1.79 -0.99 -0.13 0.84 0.74
23 1.83 -1.04 -0.14 0.89 0.80
12 1.26 -0.90 -0.10 0.72 0.67
10 1.30 -0.95 -0.10 0.76 0.71
9 0.36 -0.55 -0.009 0.29 0.26
6 0.75 -0.69 -0.06 0.47 0.44
4 11.2 -14.5 0.99 9.46 9.01
2 10.8 -14.4 1.01 9.32 8.86
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Table 4-12. Single-block, case SYB HOM?26: fission rate study.

No. of SB SYB HOM26

Groups in P; scat 1

INSTANT Max Min Av. u Std o AbsD
26 2.04 -1.02 -0.15 0.87 0.71
10 1.46 -0.90 -0.11 0.70 0.59
6 1.12 -0.68 -0.08 0.54 0.47
4 9.90 -12.7 -0.85 8.27 7.88
2 10.6 -14.3 -0.98 9.19 8.75

4.2.4 Conclusion on the Single-block Calculation Scheme

It has been shown that the single-block path provides fairly good results so long as more than 10 groups
are used in the whole-core calculation. The benefit of increasing the number of groups in the core
calculation above 12 groups is not obvious from these calculation. In particular, keeping 295 groups is not
leading to better results compared to the MCNP reference. The error made on the K .gwhen using 10 or
more groups is typically about 50 pcm. When the cross sections are prepared in DRAGON starting with
26 groups, it increases this error to approximately 100 pcm. Very good agreement was shown between the
calculations starting from scratch or starting with homogeneous cells and 295 groups, and this may be
explained by the fact that the double-heterogeneity effect is well carried by the first homogenization of the
fuel pellet in DRAGON.

The results of whole core calculations show little difference between cross sections generated by the
MOC solver or the SYBILT solver. As both methods showed a rather good agreement with MCNP at the
lattice level, this point was expected.

4.3 Second Path: Cross Sections from Supercells

The supercell path has been evaluated with the tracking modules SYBILT and EXCELT (MOC). A first
calculation was performed on a single block to recover homogeneous properties for each cell, because a
direct calculation on a fully-detailed supercell required too much memory. The supercell calculations
have been performed starting with 26 and 295 groups in DRAGON.

4.3.1 MOC Path: Comparison of the Eigenvalue

In this section, results are shown for the cross sections generated in DRAGON with the MOC. In
INSTANT, the calculations were performed in P3 with linear anisotropic scattering.

Supercells, Homogeneous Hexagonal Cells, 295 Groups, MOC

Table 4-13(a) shows the results for every group-structure when the cross sections were generated in
DRAGON using 295 groups. The corresponding results with the single-block path are recalled next to it
(Table 4-13[b]).

It can be observed that the agreement is quite good when using 295 groups for either calculation
scheme—only -8 pcm and 6 pcm compared to MCNP, which is within the statistical uncertainty of
MCNP calculations. When a condensation was performed before the core calculation, the agreement is
still within 150 pecm from 26 to 10 groups are used in INSTANT, and then quite poor with 9 groups and
fewer.



Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part Il: Prismatic
Reactor Cross Section Generation
March 2011 85

Table 4-13. Comparison of the eigenvalues between supercells and single-block paths, MOC solver in
DRAGON with 295 groups.

(a) Supercells, case MOC HOM295 (b) Single-block, case MOC HOM295
SC MOC HOM?295 SB MOC HOM295
P; scat 1 P scat 1
No. of Deviation Deviation with
Groups in Core with MCNP No. of Core MCNP
INSTANT K-eff (pcm) Groups K-eff (pcm)
295 1.24953 -8 295 1.24971 6
26 1.24984 17 26 1.24977 11
23 1.24980 14 23 1.24947 -13
12 1.25099 109 12 1.24926 -30
10 1.25126 130 10 1.24947 -13
9 1.25198 188 9 1.24625 -270
6 1.25231 214 6 1.24716 -198
4 1.25939 781 4 1.20861 -3283
2 1.26236 1019 2 1.21094 -3096

Compared to the same type of calculation with the first path (MOC, HOM295), it is observed that the
values for 23, 26, and 295 groups are in the same range. No clear advantage can be found for the
supercells at this stage regarding the K. With 10 and 12 groups, the advantage stands for the single-
block path. It seems difficult to explain this observation, but it can most likely be attributed to
cancellations of errors.

Supercells, Homogeneous Hexagons, 26 Groups, MOC

Table 4-14(a) gives the results for every group-structure when the supercell calculations were performed
in DRAGON starting with 26 groups. As usual, the corresponding results are recalled from the single-
block path shown next to it in Table 4-14(b).

Normally, the results are quite good when 10 or 26 groups are kept in INSTANT.

Table 4-14. Comparison of the eigenvalues between supercells and single-block paths, MOC solver in
DRAGON with 26 groups.

(a) Supercells, case MOC HOM26 (b) Single-block, case MOC HOM26
SC MOC HOM26 SB MOC HOM26
P; scat 1 P;scat 1
No. of Deviation No. of Deviation with

Groups in with MCNP Groups in MCNP
INSTANT Core K-eff (pcm) INSTANT Core K-eff (pcm)

26 1.25003 32 26 1.25060 78

10 1.25118 124 10 1.25070 86

6 1.25273 248 6 1.24743 -176

4 1.25832 695 4 1.21207 -3006

2 1.26230 1014 2 1.21211 -3002
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With fewer than 10 groups, INSTANT gives poor results.

With 10 or 26 groups, approximately the same Eigenvalues are obtained as when performing this
calculation with cross sections generated with 295 groups in DRAGON (see Section 4.3.1). This suggests
that the lattice calculation may be done with 26 groups for the supercells instead of carrying 295 groups to
perform this calculation. From a computation time point of view, this is very interesting. However, it
might be difficult to handle other calculations, such as depletion.

4.3.2 SYBILT Path: Comparison of the Eigenvalue

In this section, results are shown for the cross sections generated in DRAGON with the method of CPs
and interface currents. In INSTANT, calculations were performed in P; with linear anisotropic scattering
in both cases.

Supercells, Homogeneous Hexagons, 295 Groups, SYB

Table 4-15(a) summarizes the results for every group-structure used in INSTANT, when the cross
sections were generated in DRAGON with 295 groups. The results from the single-block path are shown
next to it (Table 4-15[b]).

The eigenvalues show a good agreement with MCNP until four groups are used in INSTANT. The results
are within £40 pcm with 23 to 295 groups, and with 6, 9, 10, or12 groups they are still at less than 90 pcm
from the MCNP reference. This is curious, because 6 or 9 groups seemed to be not enough when the cross
sections were computed in DRAGON using the MOC solver. It may be a coincidence resulting from
cancellation of errors.

Table 4-15. Comparison of eigenvalues between the supercell and single-block paths, SYBILT solver in
DRAGON starting with 295 groups.

(a) Supercells, case SYB HOM295 (b) Single-block, case SYB HOM295
SC SYB HOM295 SB SYB HOM295
P; scat 1 P;scat 1
No. of Deviation No. of Deviation with
Groups in with MCNP Groups in MCNP
INSTANT Core K-eff (pcm) INSTANT Core K-eff (pcm)
295 1.24918 -36 295 1.25024 49
26 1.24932 -25 26 1.25031 54
23 1.24932 -25 23 1.24994 25
12 1.25028 52 12 1.24993 24
10 1.25053 72 10 1.25011 38
9 1.25029 53 9 1.24691 -218
6 1.25069 85 6 1.24776 -150
4 1.24582 -305 4 1.20897 -3254
2 1.24884 -63 2 1.21184 -3024

Those results are interesting because recall that the agreement between MCNP and DRAGON was rather
bad at the lattice level. Therefore, it means there is some cancellation of errors leading to such a good
agreement. One may also infer that the flux calculated at the lattice level might be quite good in the
middle of the domain, but worse at the periphery. It would explain that the cross sections coming from the
supercells are more or less accurate enough to give a good eigenvalue in INSTANT with 26 groups. This
agreement still has to be also evaluated using the fission rate to make complete statements.
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Supercells, Homogeneous Hexagons, 26 Groups, SYB

Table 4-16(a) summarizes the results for every group structure with cross sections generated in DRAGON
starting with 26 groups in the supercell path. The corresponding K.¢ values obtained with the single-block
path are recalled next to it in Table 4-16(b).

Again, the agreement is good with 26 groups, and becomes poor with two or four groups. The
eigenvalues are comparable both to the corresponding results of the paths using MOC and supercells, but
also to the path using supercells, SYBILT, and 295 groups in DRAGON. It would appear that the
SYBILT solver may be useful even if the agreement with MCNP was poor at the lattice level.

Table 4-16. Comparison of the eigenvalues between supercells and single-block paths, SYBILT solver in
DRAGON with 26 groups.

(a) Supercells, case SYB HOM26 (b) Single block, case SYB HOM26
SC SYB HOM26 SB SYB HOM26
P; scat 1 P; scat 1
No. of Deviation No. of Deviation with

Groups in with MCNP Groups in MCNP
INSTANT Core K-eff (pcm) INSTANT Core K-eff (pcm)

26 1.24951 -10 26 1.25074 89

10 1.25051 70 10 1.25099 109

6 1.25080 94 6 1.24765 -158

4 1.24631 -266 4 1.21241 -2978

2 1.24893 -56 2 1.21243 -2977

To make more complete remarks on the different ways of generating cross sections using supercell, we
will now look at the fission maps and compare it to the MCNP reference as we did for the calculations of
the first path.

4.3.3 Fission Rate Maps
General Overview of the Fission Maps for the Second Path

Figure 4-11 presents the block averaged fission rates for the case SC MOC HOM?295, 295 groups in
INSTANT, and the differences observed with the MCNP reference.

The fission rate maps look quite the same as for the first path. The two thermal peaks can be observed in
the fuel regions adjacent to the reflector, with a higher peak in the inner part. The highest errors are
located in the peripheral fuel blocks with an over-prediction of the fission rates at the inner interface with
the reflector and an under-prediction at the outer interface. On the contrary, the middle of the annular fuel
region agrees well with the reference.
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(a) Block-averaged fission rates. (b) Percent error on block-averaged fission rate.

Figure 4-11. Supercell path (SC MOC HOM295, 295 groups in INSATNRT). Block-averaged fission
rates and associated error compared to the MCNP reference calculation.

Extensive Study of the Fission Maps

The following tables summarize the results with maximal positive errors (Max), maximal negative errors

(Min), average of the errors (Av. u), its standard deviation of errors (Std ¢) and the absolute deviation of
errors (AbsD.).

Supercells, MOC, HOM295. Table 4-17(a) presents the results obtained when the supercell calculations
were performed in 295 groups in DRAGON and using the MOC. Intuitively, this calculation should
provide the best results because the cross sections have to some extent been generated with a spectrum
more representative of the real environment in the core. This is, after all, the idea of using supercells. The
MOC solver should also be more accurate than SYBILT. It was also demonstrated on the single block
that the pre-calculation needed to perform the supercell calculation is accurately carrying the double-
heterogeneity effect of the TRISO, so that information is not lost.

Next to Table 4-17(a), Table 4-17(b) recalls the maximum, minimum, and averages obtained with the
single-block path. The two other parameters can be found in Table 4-8. To be consistent in the
comparison, the path where the same set of initial homogenized cross sections were used in DRAGON
was selected, but it does not differ significantly from the results where the DRAGON calculation was
directly performed with the TRISO particles.

An improvement is clearly observed with the supercells. For example, in 26 groups, the maximal error
has been divided by two using supercells, and the minimal error is reduced by 25%. The averaged error is
divided by two and the standard deviation is also reduced by 40%. The supercell path appears to be better
for all group structures except the 9-group structure. This may further the argument that the good results
obtained with the single-block calculations collapsed to 9-groups was due to fortuitous cancellation of
errors.

The supercell path leads to fission rates with errors located in general within £1% compared to MCNP.
This is considered a very good agreement. The results are good with 6 to 295 groups in INSTANT.
Again, there is curiously very good agreement on the fission rates with the 9-group and 6-group
calculations while their Eigenvalues were much farther away from the MCNP reference than the results
with finer group structures.
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Table 4-17. Fission map study, single block versus supercell paths.

(a) Supercells, case MOC HOM?295 (b) Single block, case MOC HOM295
No. of SC MOC HOM295 No. of SB MOC HOM295
Groups in P; scat | Groups in P scat 1

INSTANT  Max Min Av.u Stdo  AbsD. INSTANT Max Min Av. u
295 1.03 -0.73 -0.08  0.51 0.44 295 1.86 -0.99 -0.14

26 0.89 -0.75 -0.07  0.49 0.40 26 1.82 -1.01 -0.14

23 1.12 -0.61 -0.09  0.49 0.43 23 1.85 -1.05 -0.14

12 0.64 -0.69 -0.05 041 0.34 12 1.29 -0.93 -0.10

10 0.67 -0.64 -0.05  0.39 0.34 10 1.33 -0.97 -0.10
9 0.48 -0.39 -0.01  0.22 0.18 9 0.35 -0.51 -0.007

6 0.51 -0.58 -0.02  0.31 0.26 6 0.78 -0.71 -0.06

4 5.50 -5.89 0.53 3.74 3.35 4 11.2 -14.5 0.99

2 6.86 -5.89 0.54 437 3.94 2 10.8 -14.4 1.01

Supercells, MOC, HOM26. Table 4-18(a) presents the results obtained from starting the supercell
calculations in DRAGON with 26 groups. The corresponding results obtained by the single-block path are
recalled in Table 4-18(b). Both DRAGON calculations were performed with the MOC.

Table 4-18. Supercell fission rate study and comparison with the single-block path, DRAGON calculation
done in 26 groups.

(a) Supercells, case MOC HOM?26. (b) Single block, case MOC HOM?26.
SC MOC HOM26 SB MOC HOM26
No. of No. of P t1

. P; scat 1 ) 3 SCa

Groups in Groups in

INSTANT  Max Min Av.u  Stdo  AbsD. INSTANT Max Min Av. u

295 1.18 -090  -0.10 0.62 0.53 295 2.05 -1.03 -0.16
10 0.88 -0.85  -0.07 0.54 0.45 10 1.47 -0.91 -0.11

6 0.62 -0.63  -0.02 0.39 0.35 6 1.13 -0.69 -0.09
4 4.53 -5.08 046  3.20 2.90 4 9.90 -12.7 -0.85
2 6.58 -5.70 0.53 4.2 3.81 2 10.6 -14.2 -0.98

Here, an improvement is again observed when supercells are used. When the INSTANT calculation is
performed in 26 groups, the maximal error is divided by 1.7 and the minimal error is lowered slightly.
The decrease is more impressive in the 10-group calculation, but this might be a coincidence. Also note
that compared to the supercell path performed in 295 groups in DRAGON, the loss of accuracy is not
very important. For example, the maximal error goes from 0.89 to 1.18 (i.e., 32% of increase). Given the
calculation times, it might be interesting to accept this compromise because performing a supercell
calculation in DRAGON with 295 groups is time consuming and requires a lot of data exchange.

Supercell, SYB, HOM?295. These calculations were repeated using cross sections calculated from
SYBILT. Table 4-19(a) describes the results obtained when the supercell calculations were done in

295 groups. The corresponding results from the single-block path (Table 4-11) are partially recalled here
in Table 4-19(b).
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Table 4-19. Supercells and single-block paths comparison of the fission rate, SYBILT solver in
DRAGON.

(a) Supercells, case SYB HOM295. (b) Single block, case SYB HOM?295.
No. of SB SYB HOM295 No. of SB SYB HOM295
Groups in P; scat 1 Groups in P; scat 1
INSTANT  Max Min Av.u Stdo  AbsD. INSTANT Max Min Av. u
295 1.00 -1.49  -0.046 0.81 0.68 295 1.83 -0.97 -0.14
26 1.01 -1.53  -0.039 0.83 0.69 26 1.79 -0.99 -0.13
23 0.89 -1.29  -0.053 0.72 0.59 23 1.83 -1.04 -0.14
12 0.96 -1.44 -0.01 0.77 0.64 12 1.26 -0.90 -0.10
10 0.92 -1.38  -0.014 0.74 0.61 10 1.30 -0.95 -0.10
9 0.79 -1.20 0.039  0.69 0.63 9 0.36 -0.55 -0.009
6 0.78 -1.11 0.015  0.62 0.53 6 0.75 -0.69 -0.06
4 4.38 -8.29 0.69 3.40 2.62 4 11.2 -14.5 0.99
2 4.75 -8.45 0.70 3.45 2.66 2 10.8 -14.4 1.01

This shows that the group structures from 6 to 295 groups give almost the same results. Here the best
group structure regarding the fission map seems to be the 6-group structure. Again, this was not expected
because the K.ris not the best one for this group structure.

Here the advantage of the supercells is less evident. For example, with 26 groups in INSTANT, the over-
prediction is reduced by 79%, but at the same time the under-prediction is increased to -1.53% compared
to -0.99%. The standard and absolute deviations are about the same in both paths. The average of the
error is a bit better for the supercell path, which may indicate that the fission rates are better centered on
the reference’s values, but with the same deviations. Therefore, no clear gain is obtained by the supercells
here.

Recalling that the agreement was quite poor with MCNP at the supercell level using SYBILT, perhaps the
flux calculation is not accurate enough at this stage to produce cross sections, which would increase the
accuracy of the full-core calculation as observed with the MOC path. Compared to this path, it is
observed that the loss of accuracy is essentially located on the maximal negative error.

Supercell, SYB, HOM26. Table 4-20(a) shows the results when the DRAGON calculation was
performed in 26 groups using SYBILT. Table 4-20(b) recalls some of the corresponding results with the
single-block path.

Table 4-20. Supercells and single-block paths comparison on fission rates with SYBILT and DRAGON
calculation starting with 26 groups.

(a) Supercells, case SYB HOM26 (b) Single block, case SYB HOM26
No. of SB SYB HOM26 No. of SB SYB HOM295
Groups in P; scat 1 Groups in P; scat 1
INSTANT  Max Min Av.u  Stdo  AbsD. INSTANT Max Min Av. u
26 2.04 -1.02  -0.065 0.88 0.71 26 2.04 -1.02 -0.15
10 1.46 -0.90  -0.036 0.87 0.70 10 1.46 -0.90 -0.11
6 1.12 -0.68 0.011  0.74 0.61 6 1.12 -0.68 -0.08
4 9.90 -12.7 0.59 295 224 4 9.90 -12.7 -0.85
2 10.6 -14.3 0.67 3.30 2.55 2 10.6 -14.3 -0.98
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Again, the results with supercells are good with 6, 10, and 26 groups with a best agreement with 6 groups.
In two and four groups, the fission rates are poor. One does not see any difference on the width of the
error committed in the two paths compared to MCNP. The average is a bit better for supercells, but the
standard deviations are not improved, which indicates that the error is not much improved.

Compared to the equivalent calculations where 295 groups were kept in DRAGON, the loss of accuracy
is not totally clear. The maximal error is multiplied by 2 when 26 groups are used in DRAGON instead of
295, but at the same time, the minimal error goes from -1.53% in 295 groups to -1.02%. Note that the
average error is lower when DRAGON was using 295 groups.

4.3.4 Conclusion of the Second Path: Supercells

Contrary to the single-block path, the interest of supercells differs depending on the solver, which was
employed in DRAGON to produce the homogenized cross sections. The MOC solver gives clearly better
results on the shape of the fission rate compared to the single-block model. This is especially true when
the supercells were calculated in DRAGON with 295 groups. A reduction of about 62% of the interval
width of the errors compared to MCNP is observed in this case. Most of the improvement is seen in the
over-predictions of the fission rates in the fuel blocks located next to the inner reflector, which is almost
divided by a factor of 2.

When DRAGON is using 26 groups and the MOC, the errors are increased but remain acceptable and
better than the corresponding calculations with the single-block model. Thus, a consistent trend of
improvement is seen due to the use of supercells. The results of the supercell path with 26 groups in
DRAGON are even better than the results of the single-block path with 295 groups in DRAGON.

The prediction of the eigenvalue is also better in the supercell path with MOC when the same number of
groups was used in the single-block model in DRAGON. The advantage is here clearer for keeping 295
groups—we obtain a deviation to MCNP equal to only -8 pcm, which is within the statistical uncertainty
of the MCNP calculations.

On the contrary, the use of SYBILT to perform the calculations in DRAGON does not lead to a clear
improvement of the INSTANT results. The fission rate map is not centered on the same value so that the
maximal error is decreased but the minimal error is increased. The Keff values are also farther from the
reference.

4.4 Calculation Durations

An INSTANT calculation with the linear anisotropic scattering matrix in 295 groups takes 123 seconds in
Py and 635 seconds in P;. With only 26 groups, it takes 5 seconds in P, and 37 seconds in P;. Those values
are rather independent of the way the cross sections are prepared because the number of iterations is
generally the same whatever the path chosen for cross section generation.

In DRAGON, the condensation has an influence of about 1 or 2 minutes, depending on the amount of data
the code has to write in ASCII files. It is clearly not significant compared to the rest of the calculation.
Therefore, only the calculation durations are given for cases with a condensation to 26 groups at the end.
Table 4-21 concerns DRAGON calculations made on a single block, whereas Table 4-22 concerns
supercell calculations in DRAGON.

As can be seen from those tables, the calculations with the MOC are very time consuming, especially for
the supercells when using 295 groups. Not surprising is the fact that this method is also the most accurate.
The SYBILT solver is fast, but it does not give the same accuracy and cannot serve as a reference
calculation.
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Table 4-21. Single block: Summary of calculation durations in DRAGON.
Calculation Durations in DRAGON, Single Block

MOC DH 295 MOC HOM295 MOC HOM26

Duration 46 min 8 min 31s
SYB DH295 SYB HOM295 SYB HOM26

Duration 6 min 19s 2s

Table 4-22. Supercells: Summary of calculation durations in DRAGON.
Calculation Durations in DRAGON, Supercells

MOC DH 295 MOC HOM295 MOC HOM26
Duration — 82 h 10 min 2 h 39 min
SYB DH295 SYB HOM295 SYB HOM26
Duration — 7 h 58 min 7 min

The use of supercells is difficult due to the time constraint. The parallelization of the MOC solver
may be of great value if the supercells are determined to be required for calculations in this core.

4.5 Conclusion on the Cross Sections Generation

Considering only a steady-state calculation with fresh fuel, there is a clear advantage to generating
microscopic homogenized cross sections from supercell models in DRAGON if the MOC solver is used.
However, regarding the calculation durations and the complexity of the use of supercells, it is not clear
that the gain of accuracy is significant enough to justify their use. The single-block model already
provides a good solution on the condition that enough groups are used in INSTANT, typically 12 or more.
The reader should remember here that the interest of supercells may be higher when burnable poisons and
control rods are added in the core models.

A partial explanation for the fact that supercells do not make a significant difference compared to the
single-block path can be found by the study of the neutron energy spectra in both cases. The word
spectrum describes the flux as a function of the energy, normalized such as the integral of this curve is
equal to one. Because a multi-group approximation was used, the flux in 295 groups is first divided by a
lethargy interval:

P (Eq) .
10910(5i+1)—10910(5i)'l € [1,295] (4-3)

This term is plotted as a function of the base 10 logarithm of the energy (in eV): 1021o(Ecenari)- Ecenrari 18
calculated using the upper and lower boundaries of the group:

Ecentrati = 10(2220Et) 001050 (4-4)

Notice that what is called “lethargy” in the figures is not equal to the usual definition of the lethargy. It
has been used because the fluxes are plotted on a logarithmic scale. It is known that the wider is a group,
the more important will be the flux, so that to be able to compare the level of the flux in each group, it is
necessary to divide the fluxes by the logarithmic widths of their groups.
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Before plotting it, a normalization is performed so that the integral of the function on a logarithmic scale
is equal to one. Therefore the fluxes are normalized by:

D) = 1 % (E)
' 205 ¢(E;)  (10g10(Ess1) — Logyo(E;) log1o(Ei+1) — logio(E})
=110g10(Ei+1) — log1o(E;) 1087+ 1087
_ 1 P (Ey) )
B »22 ¢(1Ei) x log10(Ei+1)—log10(E}) (4 5)

This normalization enables comparison of several spectra together so that neutron thermalization can be
observed in each model. All the spectra have an integral equal to one on a logarithmic scale.

Figure 4-12 contains the spectra for the single block (in blue) and the supercell path (in red).
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Figure 4-12. Comparison of the spectra averaged over the block of interest between the single-block and
the three types of supercells (Cells 13, 18, 19). 295 groups, homogeneous cells, SYBILT.

This shows that the spectra of the single block and of the Supercell 18 look almost the same. The
Supercell 18 is made of a block surrounded by three reflector blocks and three fuel blocks. This result was
unexpected. It shows that on average, the flux looks the same over the block. The thermal peaks that
appear on the right of the supercell next to the reflector are compensated for by the higher fast neutron
flux coming from the left side, so that on average the spectrum of the single block is approximately the
same. Therefore, the homogenization of the cross sections will not differ much between the two models.

Notice that this is not the case for the two other types of supercells that are surrounded by two blocks of
reflector (Cell 19) or one block of reflector (Cell 13). For them, there is a clear thermal peak that is higher
when there are two blocks of reflector compared to one block. The thermal peaks are also higher than the
one observed for the single block or the supercell surrounded by three blocks of reflector.
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As seen in the detailed fission rate map, the blocks next to the reflectors show a high variation of their
fission rates in their halves in contact with the reflector blocks. This indicates that in these regions, the
spectrum may change a great deal. This is also confirmed by the spectral plots that will be shown for the
depletion study (see Section 4.6 and Figure 4-20 later in the text). Considering that the two parts seems to
behave very differently, using an averaged of the cross sections over the entire block of interest may not
be acceptable because this information on the spectral variation is lost.

Therefore, one recommendation would be to homogenize the two parts separately using, for example,

six triangular sectors per block and annular regions in the block. It would then be possible to employ
different sets of cross sections for a block located near the reflector in INSTANT. This way of generating
cross sections for the core calculation may lead to more accurate results than those presented here because
it would then fully utilize the information provided by a supercell model. This may be particularly true
when burnable poisons or control rods are added. This additional level of detail was beyond the scope of
this work.

4.6 Depletion Study

As all of the machinery to deal with supercell creation had been automated, it was possible to rather
quickly perform an initial study of the depletion methods, which may be used in the future for this reactor.
A more complete study should be performed to improve understanding of this since the gradients in the
inner and outer ring of fuel introduce a very complicated flux shape and perhaps some difficult challenges
for the depletion procedures.

4.6.1 Overview of the Problems
In LWRs, the depletion is generally performed in the lattice code. It consists of:
e Performing a calculation over an assembly at different burnup steps and boron histories.

e Creating a reactor database where the homogenized cross sections tabulated as a function of the
burnup are stored.

e Passing these to the full-core calculation. The first full-core calculation creates a power map. A time
interval is declared in the full-core solver to allow calculation of the burnup of each assembly
knowing its power and its composition. Therefor, each assembly potentially has a different burnup.

e The new macroscopic cross sections for each assembly are recovered from the database depending on
the particular burnup of each assembly. The full-core calculation can then be performed for burnup
Step 1. It provides a new power map for the core, and the process can be started again for next burnup
iteration.

It works particularly well for LWRs (at least in a first approximation) because the spectra do not differ
between the assemblies. This spectrum is well described by a lattice calculation in the fundamental mode
because of the small mean free paths. Notice that discretizing an assembly into four regions of depletion
is usually sufficient to ensure a reasonable accuracy because the fluxes remain relatively flat over an
assembly. However, this procedure raises two questions when applied to the VHTR.

The first question can be formulated this way: given the fact that in this reactor the flux is peaked in the
peripheral assemblies, the concentrations in the blocks may change in a very different manner while
burning. Therefore, is it still possible to consider averaged number densities over each block at the core
level, or should the method keep track of the detailed variation of the isotopic composition in the blocks
to ensure the accuracy of the calculation? According to Henry’s 1975 article,”’ the size of the depletion
regions is “chosen so that within them, the group parameters at start of life are constant (possibly as the
result of some homogenization procedure) and the flux shapes are reasonably flat.””*’ Therefore, a finer
discretization of the peripheral blocks may be needed for depletion in VHTRs. However, the introduction
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of burnable poisons and of burnt assemblies may also sufficiently flatten the peaks to enable the
consideration of homogeneous properties over any block in the core. To provide some insights, the
influence of the flux peaking on the depletion is studied in Section 4.6 using lattice calculations. A study
over a more realistic core should be done to completely answer this question, but it is beyond the scope of
this report.

The second question, perhaps more difficult, is to determine whether for a given burnup of a fuel block or
of a fuel cell the depletion will be the same whatever the spectrum that has been imposed on the region so
that it can reach this burnup. This is probably true for LWRs because the neutron energy spectrum is quite
similar for each assembly, whatever the position of the assembly in the core. But is it still the case in this
reactor, especially for the peripheral blocks, which are subjected to a strong variation of the flux and to a
very different spectrum compared to the middle of the annular core? The following sections present some
results which, along with the results already shown, can be used to begin answering this question. More
studies on realistic cores should be done as well in further studies to provide a more complete answer.

4.6.2 Possible Depletion Procedures

The interest of doing depletion in the lattice code is that it provides a fine spatial resolution of the flux,
and also to perform, for example, a detailed pin power reconstruction once the average power on an
assembly has been calculated by the full-core software. However, as was shown in the previous sections
(see Figures 4-1 and 4-2[a]), the flux can have a very peaked shape in the peripheral assemblies due to the
reflector effect. Considering this, the isotopic concentration will not evolve equally everywhere in the
core. Therefore, two solutions may be considered:

e The depletion may be partially performed in the core to calculate the new number densities using the
flux coming from the full-core calculation and therefore taking the entire environment into account.
The microscopic cross section update would still be performed somehow by the lattice code.

e The depletion is performed in the lattice code, which provides macroscopic cross sections for the
full-core calculation. The full-core calculation would only give the burnup of each assembly at each
burnup iteration, based on the full-core power map, so that the solver can recover the corresponding
cross sections in the reactor database. This solution, adopted for LWRs, could work for this reactor
only if a way is found to obtain the correct shape of the flux at the lattice level for each type of block
in the core. Otherwise, it is likely that the spectral heterogeneity will not be taken into account, and
thus there would be unacceptable discrepancies after a number of burnup steps.

In the first case, the in-core depletion would provide a very accurate isotopic concentration at each burnup
step, especially if the discretization in the peripheral fuel blocks is finer than the typical distance of
variation of the flux. This is a very interesting technique regarding the current capabilities employed at
INL because it only requires the implementation of a depletion module in INSTANT and a way to
associate its own set of cross sections for every core region that will also be considered as a homogeneous
mixture and depleted. There would still be the issue of generating cross sections because the changes in
the concentrations in the core will affect the microscopic cross sections.

A typical scheme may consist of performing a single-block calculation in DRAGON with its own burnup
loop. The code would then generate sets of cross sections tabulated as a function of the burnup of the
block (for example) and stored in a library that INSTANT can access. Then in INSTANT, each burnup
iteration would be followed by a call to the cross section storage so that microscopic cross sections
corresponding to the local burnup of each block are provided in INSTANT. An interpolation module is
needed to calculate microscopic cross sections for burnup step that may not fall on the burnup points of
the library. The macroscopic cross section would then be calculated using the number densities of each
region in the core.
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This solution may be accurate as long as a sufficient number of groups are used so that it compensates for
the fact that:

e The microscopic cross sections may not have been calculated with the exact composition of the
blocks at a given burnup step.

e The homogenization is not performed with a representative flux for peripheral blocks, as has been
shown in the preceding sections. This difference concerns both flux magnitude and flux spectrum. A
trial with supercells may alleviate this concern if the calculation time remains manageable.

Another possible solution is a complete depletion in the lattice code for both densities and microscopic
cross sections. To do this and produce meaningful results would mean recreating the spectral environment
of every block. One idea to achieve that is to impose the net currents calculated in the full-core
calculation at the boundaries in the lattice code. This would then avoid the problem mentioned above; the
cross sections would be calculated both with the right shape of the flux and the right composition. It may
lead to a gain in accuracy, but the implementation might be difficult and some theoretical work has to be
pursued on the issues it presents (e.g., the compatibility with the fundamental mode assumption and the
necessity of flux unfolding in angle and energy). Such a task is naturally beyond the scope of this study.

The goal here is to assess the differences between performing depletion calculations on a single block
and on a supercell in DRAGON. This will indicate how the reflector affects the number densities in the
block of interest, and how the neutron spectrum changes during depletion.

4.6.3 Settings for Depletion

The depletion was performed with following settings for DRAGON: SYBILT calculation in 295 groups
in both cases (single-block calculation and supercell calculation) using the same sets of homogenized
cross sections as before for the initial calculation, along with the same settings for the spatial
discretization of the geometry.

The following time step scheme was adopted for the depletion calculations. Detailed analysis was not
performed to evaluate these, as the aim was to evaluate the differences between domain size only:

e 10 day increment from 0 to 50 days
e 50 day increment from 50 to 500 days
¢ 100 day increment from 500 to 1000 days.

The power was constant and fixed at 600 MW .tonne™ of initial heavy metal. This corresponds to the
specification of this reactor. The fuel is meant to pass three times inside the reactor, so that the very high
burnup of 600 GW day.tonne™ is attained.

4.6.4 Method of Investigation

To analyze the results of the two methods of depleting the fuel, number densities along a line across the
fuel block of interest were examined. This tells whether the shape of the flux has a significant effect on the
isotopic variation. Blocks were also homogenized to get the average number densities for each isotope of
interest. Finally, the neutron spectra were examined in different locations in a supercell and its change
with depletion.

242

: 2 239 24 241 242 241 24 :
The isotopes selected are 3¥pu, #°Pu, *°Pu, *'Pu, ***Pu, **Am, ** Am, and ***Am. These isotopes are

present in the initial loading.

An initial investigation was performed to determine the importance of performing self-shielding
calculations at each burnup step in the depletion. Ordinarily, the self-shielding calculations would be
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repeated at each burnup step, but this was not possible in the supercell due to the necessity to use pre-
homogenized cross sections, as described in the previous sections.

A way to remain consistent between both paths and to circumvent this problem is to suppress the
self-shielding in all but the zero-burnup step in both supercells and single-block models. The error may
not be so important because luckily, the fuel already contains the most important plutonium isotopes, so
that their cross sections will already be self-shielded. The variation of the number densities might not
greatly affect this self-shielding. The importance of this approximation has been studied over one single
cell.

4.6.5 Study Over One Cell: Importance of Self-shielding During Depletion

To quantify the error committed by not calculating the self-shielding after each burnup iteration, a simple
test was performed over one single hexagonal fuel cell. In the trial, the calculation starts with a regular
library of 295 groups containing the usual nuclides of the fuel. One cell was burned with a self-shielding
calculation after each burnup step, whereas the other was burnt keeping the original self-shielding. The
Kcrobtained in DRAGON at each time step with and without self-shielding were compared and the final
isotopic concentration of several isotopes was evaluated.

Figure 4-13 shows the differences on the K.gras a function of time. The relative difference is calculated by
the formula:

Difference =

Keff without self—shielding — Keff with self—shielding x 105

(pcm) (4-6)

Keffwith self-shielding
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Figure 4-13. Difference of Keff obtained with and without self-shielding over one fuel.

This trial shows that the presence or absence of self-shielding during the burnup iteration is responsible
for differences of around +30 pcm on the Keffin DRAGON and a maximum of £0.4% of differences on
the isotopic concentration after 1000 days of depletion. Those relatively good results are due to the
plutonium and americium isotopes already being present at the beginning and thus underwent a
self-shielding before entering the burnup loop. Therefore, the isotopic variation may not greatly affect
the self-shielding.
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Notice that in the case where some new heavy, transuranic isotopes are created while burning, this
assumption may not be valid anymore. The calculation was repeated starting only with 2*U and ***U in
the fuel instead of the usual Pu-Am fuel, and the results are much less attractive: 200 pcm of
differences on the Keff (see Figure 4-14) are recorded depending whether or not the self-shielding was
repeated at each depletion step. The isotopic concentrations differ by +20%. It clearly shows that the
newly-created fissile isotopes need to be self-shielded at each time step. After the new nuclides are built
up, the self-shielding update with the burnup may become less important.

300
ae

200 a
El ¢ .
2 ]
2 1w =
v & .

0

= 0 200 400 600 80 1000 1200
=
=
S -100
[<b]
] [ ]
)
(o
5 200
=
[

-300 s

~400

Depletion time (days)
Figure 4-14. Difference of Keff obtained with and without self-shielding over one fuel cell with a
conventional fuel (uranium only).
4.6.6 Isotopic Depletion across the Block of Interest
Single-block Path
Figure 4-15 shows the evolution of the Keff during the depletion from t = 0 days to t = 1000 days.

At the beginning, there is the typical steep gradient on the K. Then the evolution is smoother.

Table 4-23 gives the correspondence between the time and the burnup for the block. They are related by a
linear relation because the specific power is assumed to be constant during all the cycle. As the specific
power is the same in the supercells, the correspondence will also be the same.
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Figure 4-15. Evolution of the Keff of the single block during depletion.

Table 4-23. Single block — time-burnup equivalence.

Time (Days) 0 10 20 30 40 50 100
Burnup (GW day.tonne™) 0 6 12 18 24 30 60
Time (Days) 150 200 250 300 350 400 450
Burnup (GW day.tonne™) 90 120 150 180 210 240 270
Time (Days) 500 600 700 800 900 1000
Burnup (GW day.tonne™) 300 360 420 480 540 600

The final burnup (600 GW day.tonne) is much higher than what is currently reached in LWRs, but the
TRISO particles may allow such a deep burn. It is one of the major interests of this reactor.

The number densities for key heavy isotopes were reported at 0 days, 50 days, 500 days, and 1000 days,
calculated in various locations. Table 4-24 describes how the fuel is depleting in a fuel cell near the center
of the block, next to the central graphite cells.

Table 4-24. Single block — variation of the concentration at different time-steps near the center.

Relative Variation Compared to the Initial Value (%)

Isotopes t =0 days t =50 days t =500 days ¢t =1000 days
“"Np 0.0 2.9 28.2 -59.5
28py 0.0 4.7 59.6 51.5
2%py 0.0 -7.9 -65.0 -94.8
240py 0.0 -1.3 -25.8 -74.8
2#1py 0.0 10.4 48.7 -37.8
22py 0.0 1.9 41.1 116.1
2 Am 0.0 -5.8 -45.1 -84.5

HImAmM 0.0 70.9 72.0 -66.9

Am 0.0 4.4 493 124.9
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It can be observed that all fissile products initially present are disappearing except the ***Pu whose
number density is increasing. Of course, minor actinides, like curium, are created as well, some of which
may have significant impact on the fuel cycle, but these have not been reported here. The **°Pu is well
consumed. Almost 95% of the initial mass has been fissioned or transmuted after 1000 days. The reactor
seems to be quite efficient for burning **’Pu, which may be of interest for non-proliferation concerns as
well as to reduce the amount of waste.

The question is now to determine how homogeneous is the depletion in the single block. For the work on
the single block, a fuel cell near the center of the block and a fuel cell in the middle between the center
and the edge were considered. This choice is dictated by the fact that the graphite cells located in the
center tend to thermalize the neutrons, so that the flux will be different in a fuel cell next to a graphite cell
than in a location where the fuel cell is surrounded by fuel cells and coolant cells. This fact is well shown
on Figure 4-17, which represents the flux condensed to one group, plotted across the block from the
center to the edge. It will be discussed further in Section 4.6.7.

Table 4-25 shows the differences in the number densities at the same time between the two locations of
interest inside the single block. Small differences appear between the two locations, which is explained by
differences in the flux due to the central graphite cells. The location near the graphite in the center is taken
as a reference from which relative differences are calculated.

Table 4-25. Single block — variation of the concentration at different time-steps in two locations: near the
center (reference) and between the center and the edge.

Variation of the Concentration Compared to the Center (%)

Isotopes t =50 days t =500 days ¢t =1000 days
“"Np 0.05 0.49 1.15
28py -0.06 -0.34 0.54
29py 0.32 3.49 4.16
20py 0.07 2.18 8.77
2py -0.46 -0.99 2.83
#2py -0.13 -1.49 -0.91
2 Am 0.24 1.89 3.72

HImAm -0.93 1.80 3.61
Am?** -0.07 -0.94 -1.68

From this, it can be concluded that even in the single block, the depletion is not totally homogeneous. The
maximal difference is of 8.77% on the **Pu after 1000 days, which is significant. The density of **Pu is
varying by more than 3.5% after 500 days and this density is quite important as this is the major fissile
isotope in the core, at least during the first part of the irradiation.

Supercell Path

Here the same study is performed, but considering a supercell model with three reflector blocks and
three fuel blocks surrounding the block of interest, described previously (see Figure 3-2[c]). Figure 4-16
shows the evolution of the Keff during the depletion from t = 0 days to t = 1000 days.

The number densities have been recovered at different locations across the block of interest. Values are
presented for a fuel cell located at the extreme right, next to the reflector block. The flux spectrum in this
region is very different due to the thermalization of the neutrons in the reflector.”® This is confirmed in
Section 4.6.7. Therefore, differences are expected in the depletion. Table 4-26 gives the variation of the
number densities in this right cell compared to the initial values at 0 days, 50 days, 500 days, and 1000
days.
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Figure 4-16. Evolution of the K. of the supercell model during depletion.

Table 4-26. Supercell — isotope densities at various times in a fuel cell located next to the reflector.

Variation of the Concentration Compared to the Center (%)

Isotopes t =0 days t =50 days t =500 days ¢t =1000 days
“Np 0.0 2.7 272 -58.9
¥py 0.0 7.4 38.5 73
%pu 0.0 -11.6 -76.3 -96.5
#0py 0.0 2.1 -10.9 -60.9
#1py 0.0 0.1 -11.6 -63.4
#2py 0.0 6.0 67.9 140.6
*TAm 0.0 -6.6 -53.7 -89.6

HMAM 0.0 34.1 235 -84.7
B Am 0.0 2.4 34.1 93 .4

Initially, Table 4-26 shows that the evolution is similar to what was observed with the single-block
model. For example, the **’Pu is burnt in this cell as well as in the cell studied on the single-block model.
Table 4-27 provides a comparison of the depletion at time t = 1000 days between the cell taken in the
single block and the cell taken in the supercell, so that the comparison is more straightforward.

This shows that some of the isotopes, the 28py and to a lesser extent **'Pu, do not behave the same in the
two models. In the fuel cell of the single-block model, the ***Pu had been only produced during the cycle,
while in the supercell, it is produced during the first 500 days but then consumed, ending the irradiation
with less than was initially present.

Again, it is of interest to assess whether the depletion is the same between a fuel cell located next to the
reflector on the right, and a fuel cell located next to a fuel block (on the left). Therefore, isotopic number
densities were reported in these two locations at time t = 1000 days. Table 4-28 gives the relative density
variations compared to the initial number densities in the two locations of interest.
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Table 4-27. Comparison between the fuel cells taken from the single-block model and the supercell
model after 1000 days irradiation.

Variation of the Concentration Compared to the Center (%)

Single Block Supercell Difference SC-SB
(% of the Initial Density) (% of the Initial Density) (% of the Initial Density)

“"Np -59.5 -58.9 0.6

¥py 51.5 73 -58.8

3%pu -94.8 -96.5 -1.7

#0py -74.8 -60.9 13.9

Hpy -37.8 -63.4 25.5

*2py 116.1 140.6 24.6

*TAm -84.5 -89.6 5.1
HMAM -66.9 -84.7 -17.8

5 Am 124.9 93.4 -31.6

Table 4-28. Supercell model — evolution of the number densities in two locations between # = 0 and
¢t = 1000 days.

Location Near a Fuel Block (Left) Location Near a Reflector Block (Right)

Isotope Density Relative Variation (%) Isotope Density Relative Variation (%)

“Np -57.8 “Np -58.9

¥py 42.4 ¥py 7.3

py -94.4 py -96.5

*0py -64.0 *0py -60.9

#py -46.6 #py -63.4

*2py 113.8 *2py 140.6

1 Am -84.6 *'Am -89.6
HMAm -72.2 *2MAm -84.7

*SAm 120.0 *$Am 93.4

While the simulations are started with exactly the same concentration in each fuel cell at the beginning,
the depletion differs depending on the position inside the block. The effect is amplified compared to the
single-block model because the amount of graphite seen by the fuel cell on the right is much higher than
what is seen on the left. A cell located near a fuel block will not have the same spectrum as a cell located
near the reflector, whose presence is drastically affecting the depletion.

The left part seems to behave more or less like what was observed on the single-block model. It is not
completely equivalent; it might be a bit affected by the reflector, but more probably, the different burning
state on the right part of the block may lead to different conditions for the left side. An increase or
decrease of the fission rates and absorption rates on the right may affect cells on the left by altering the
neutron spectrum.

The right side of the block of interest displays very different behavior than the left. For example, >**Pu is
produced on the left, increasing the initial concentration by 42.4%; however, it is already consumed on
the right, reaching a concentration below the initial one. The number densities of the isotopes ***Pu and
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*3Am are also particularly different between the two sides, which indicate a high dependence of those
isotopes on the neutron spectrum in this reactor.

Table 4-29 gives the variation of number densities for every isotope at different dates between the left and
the right side of the block, the reference being the left side. The discrepancy is becoming larger during the
depletion, especially in the middle of the depletion at t = 500 days. The ***Pu number density differs by
40% between the two cells, which is rather important and much higher than what was observed when the
lattice calculation was performed on a single block.

Table 4-29. Supercell model -variation of the concentration between locations at different time-steps (%).

Concentration’s Variation between Left and Right (%)

Isotopes t =50 days t =500 days t = 1000 days
Np -0.4 33 2.6
3¥py 0.8 -17.1 -35.9
%pu 5.2 -40.3 -38.1
#0py 3.0 8.8 8.6
#ipy 7.3 -35.2 31.4
#2py 43 22.7 12.5
T Am 2.3 -23.4 -32.8
2 Am -15.5 -53.1 -45.0
®Am -1.2 -5.8 -12.1

4.6.7 Spectrum and Flux Study

Finally, fluxes were recovered in one group and the spectra of various locations were compared as
described in Section 4.5 for the single block and the supercells at t = 0 and t = 1000 days.

Single Block

As would be expected, the flux over the single block is more or less flat, as shown on Figure 4-17. This
explains why the depletion is quite homogeneous inside the block.

Figure 4-18 shows the spectral changes between t = 0 days and t = 1000 days. Here the spectrum comes
from the flux in 295 groups homogenized over the block. There is no significant change in spectrum
across the block, explaining why the densities do not differ much between two fuel regions inside the
block. While depleting, the spectrum is becoming more thermal, as the thermal cross sections are reduced
and neutrons spend more time thermal before being absorbed.
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Figure 4-17. Single block: relative flux in one group across the single block, x = 0 being the center.
0.45
0.4

0.35

0.3
*T=0 days

F T=1000 days
0.25

0.15

Flux / 'Lethargy' (normalised)

0.1

1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E402 1.0E4+03 1.0E+04 1.0E4+05 1.0E4+06 1.0E+07 1.0E+08

Energy (eV) (Logarithmic scale)

Figure 4-18. Single block: spectral evolution between t = 0 days and t = 1000 days.
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Supercell
For this study, the same supercell with three blocks of reflector is considered.

The plot of the flux in one group across the block of interest reveals that it cannot be considered as flat
(see Figure 4-19). With more than one group, more variations may be observed.
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Figure 4-19. Supercell: flux in one group across the block, X = 0 being the center.

The magnitude is not the only parameter changing, the spectrum also exhibits strong variations.

Figure 4-20 shows the spectra obtained in different fuel cells on a line crossing the center of the block
from the left side (next to a fuel block) to the right side (next to a reflector block). The cells were
numbered F, to Fg, F; being the closest cell to the fuel block on the left and Fg being the closest cell to the
reflector block on the right.

The spectra in cells F; to F,, that is to say on the left part of the block of interest, look quite similar.
Therefore, they were removed from the plot to clarify the chart. Entering the right part of the block, closer
to the reflector, it is observed that the thermal peak’s magnitude is increasing. The highest magnitude is
reached in fuel cell Fgnext to the reflector. On the contrary, the epithermal flux is higher in the region
next to the fuel block because the neutrons coming from the neighboring fuel blocks are less thermalized.
The fast flux is higher in cells located next to the reflector because the thermal neutrons coming back from
the reflector are well thermalized and directly absorbed in the first fuel regions, leading to fissions and
thus to the release of fast neutrons. A good part of those neutrons may enter the reflector, become
scattered, and come back with thermal energies to the fuel block, so that the thermal flux is increased.

This spectral variation will strongly affect the depletion because the thermal neutrons coming from the
reflector will have a higher probability of being captured. For example, this explains why the **’Pu is
more burned near the reflector; its absorption cross section is higher at low energies, and this region will
receive more neutrons in this range of energies, so that the absorption reaction rate will be higher.
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Figure 4-20. Supercell: neutron energy spectra in different regions of the block of interest, t = 0 days.

At the end of the depletion, the same pattern is observed (see Figure 4-21). The right half of the block
exhibits a higher thermal peak. Globally, this peak is higher at the end of the depletion than at the
beginning, which is explained by the fact that there are less fissile isotopes, and neutrons are thermal
longer before being absorbed. However, note that the difference is less pronounced: at t = 0 days, the
thermal peak is more than three times higher in Fg compared to Fy; at t = 1000 days, it is just 1.4 times
higher.
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Figure 4-21. Supercell: neutron energy spectra in different regions of the block of interest, t = 1000 days.

4.6.8 Conclusion of the Depletion Study

Several conclusions can be drawn from this study. First, a block surrounded by reflector and fuel blocks
exhibits a strong variation in its neutron energy spectrum with a thermal peak, which is 1.5 to more than
three times higher on the reflector side than near the neighboring fuel block. As a consequence, the fuel
will not burn in a homogeneous manner. After 1000 days, large discrepancies can be observed regarding
the densities between regions next to a fuel block or next to a reflector block. This heterogeneity is much
less severe if the depletion is performed over a single-block model. Thus, the use of a traditional scheme
where the concentrations are calculated in the lattice code seems to be difficult to reconcile with the
heterogeneity of the number density evolution. Therefore, if an in-core depletion model is used, it would
be favorable that the block near the reflector is meshed into several small regions were the number
densities are calculated using the local flux, to allow calculation of different macroscopic cross sections
for each region. Otherwise, a macroscopic cross section applied to the entire block and based on an
average of the densities may not take into account the high heterogeneity of those blocks. The typical size
of an element of the mesh may have to be smaller than the typical distance of variation of the flux to
allow one to consider a constant flux over the element while still preserving the overall density changes
across a peripheral block.

Besides the heterogeneity of burning inside the core, one should also pay attention to the fact that the
burnup of an assembly may not necessarily be a sufficient prediction of nuclides densities or possibly
cross sections. It is very likely that because the peripheral blocks exhibit a different spectrum than the one
of the central fuel blocks, there may be differences in the composition at the same burnup. This remark
tends to imply the use of supercells to correct the spectrum while the depletion takes place at the lattice
level, too.

The choice of not using the supercells may be less attractive once burnable poisons and control rods are
added. Moreover, if the blocks are divided into small regions in the core calculation, then it might be
interesting to recover microscopic cross sections corresponding to each small domain using supercells.
Such a calculation scheme would certainly require an improvement of the speed of the MOC solver in
DRAGON to be considered a viable option.
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Given the previous remarks, the solution of coupling the lattice calculation and the core calculation with
net currents at the interfaces of each block may greatly improve the fidelity of the simulation and facilitate
both depletion analysis and cross-section generation for this reactor by directly solving the two problems.
This may be a project worth investigating for future work.
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5. CONCLUSION
5.1 Summary of Results

The project of a Deep Burn high-temperature reactor pursued by INL requires accurate neutronic
simulations of the core behavior in all situations to meet licensing requirements from the safety
authorities, with control rods, burnable poisons, depletion of the fuel, and also in accidental conditions
where transient analysis must be performed. Within this framework, the influence of the reflector was
evaluated in the calculation scheme. The core has been simplified by removing burnable poisons and
control rods. Only steady-state calculations were performed and in cold conditions.

Compared to the usual procedures used for light water reactor analysis, two major differences have been
identified:

e The annular design of the core leads to a high-peaked shape of the flux at both interfaces between fuel
and graphite reflectors

e The graphite reflector thermalizes the spectrum, and this spectral variation is noticeable on the first
half of the peripheral fuel blocks.

The spectral change as well as the peaked shape of the flux in the half of the fuel adjacent to the reflector
raise issues for the lattice physics because a priori, a lattice calculation over a single block may not yield
a spectrum representative enough of the real spectrum of the peripheral blocks. To assess that, two paths
have been studied to prepare the cross sections. The first one considered only a single-block model at
the lattice level, while the second introduced supercells to take into account some of the effects of

the reflector. Both calculation paths provide homogenized cross sections condensed to several group
structures to allow evaluation whether keeping more groups at the core level may compensate for having
introduced error in the cross sections for peripheral blocks at the lattice stage.

The results show that with the MOC in DRAGON, both paths lead to good predictions of the eigenvalue
and of the averaged fission rates of each fuel block in the core if enough groups are kept in INSTANT
(e.g., 26 groups). The supercell path produces the best results compared to the equivalent calculations
using the single-block path. A K. within 220 pcm from MCNP was obtained in both cases. The fission
rate errors are within £1% with the supercells model, and within [-1%; + 1, 88%)] with the single-block
path, compared to the values from MCNP. Calculations with the CP and interface currents method proved
to be less accurate, especially for supercells. But considering the good agreement reached by the single-
block path with MCNP and considering the significant calculation durations, the use of supercells may
not appear as attractive for this simplified core.

5.2 Limitations of the Single-block Path

Several concerns remain and may play against a calculation using only the single-block model.

First, the introduction of burnable poisons and control rods may create geometric difficulties and spectral
effects that may not be carried to the core model using a single-block model, even with many groups in
the core calculation. It is especially important to correctly model the burnable poison effects because they
strongly affects the local flux.

Perhaps still the main challenge remains the depletion calculation in the code. Trials on a supercell have
shown that the number densities across a block partially surrounded by reflector vary in significant
proportions, up to 45% between two sides of the block for certain isotopes. In addition, the neutron
spectrum also changes significantly depending on whether the reflector is close or not to the considered
fuel cell. Thus, two phenomena are happening in those blocks: a high variation of the fission rates, which
tends to create a heterogeneous burning in the block; and a spectral variation, which may lead for the
same burnup to a different fuel composition from what is achieved in the center or on a single block.
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5.3 Perspectives and Future Research Directions

The burnup and composition dependence to the spectrum seems to be the next important feature to be
studied to provide scientific basis for deciding what depletion scheme can be used on the VHTR. Adding
burnable poisons and control rods to the calculation will allow completion of the study and provide a
basis for developing a complete calculation scheme for this reactor. Incidentally, the influence of
temperature on cross sections still has to be captured, even if it is not expected to change the fundamental
conclusions of this work.

The path forward toward a complete calculation scheme may require some improvements in DRAGON.
The exact modeling of the geometry without the jagged boundary at the periphery of the blocks may be
necessary. This implementation may be completed in the next years in the department. The self-shielding
on homogenized cross sections would be helpful for performing depletion on supercells. More generally,
the memory issues and long computation times are limitations of DRAGON for use in further studies for
the prismatic reactor, especially if supercells prove to be required once the complete calculation scheme is
defined. Some improvement of the acceleration techniques in the MOC as well as the parallelization of
this method in the code may resolve these issues. Finally, INSTANT is currently missing depletion
capabilities and easy transfer of cross sections with DRAGON. The development of a combined code
with shared meshes may be an interesting project as well.
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Appendix A

Geometric Relations in a Hexagon
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Appendix A
Geometric Relations in a Hexagon
Useful geometric relations for hexagons follow:*
Figure A-1. Geometric relations in a hexagon.
(A-1)
_ (A-2)
(A-3)
— (A-4)

C.

The figure is taken form Wikipedia: http://fr.wikipedia.org/wiki/Hexagone
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Appendix B

Formula to Calculate the Number of Hexagons in a
1/12" Core
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Appendix B

Formula to Calculate the Number of Hexagons in a
1/12" Core

Say that N is the number of hexagons on a row from the center to the periphery of a hexagonal array of
hexagons and T is the total number of hexagons on the one-twelfth geometry.

First case: suppose N odd:
dJpeN/N=2p+1
=T=3 Qi+ =3, 1+250  i=p+1+228 2 =p24 2p 1+ 1= (p +1)? (B-1)

Then replacing p in the previous formula using p = %, we find:

T = (N—1+2)
B 2 2

(N+1)?

o T= with N odd. (B-2)

Second case: suppose N even:

dpeN/N=2p

= T= Zf;o(Zi) =p(p+1) (B-3)
Then replacing p in the previous formula using p = %, we find:

T—N(N+ 1)—N2+N—N(N+2)
N T4 27 4

= Y2 vith N even. (B-4)
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Appendix C

Homogenized Graphite Density Calculation over a
Single Block
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Appendix C

Homogenized Graphite Density Calculation over a
Single Block

This appendix explains the calculation of the graphite average densities over the real block and over the
DRAGON single-block model. This is necessary to determine the density of the graphite in the J-cells,
which alleviates the lack of a proper geometry in DRAGON, but also to build correct macroscopic cross
sections for the graphite in INSTANT.

Thanks to the symmetry, the calculation is performed for a 1/12"block. This allows comparison of some
parts of the calculation with what DRAGON is calculating by itself. Thus, the geometry contains:

e 17.5Fcells
e 8.5Ccells

° chell
2
1
e 1+—Gecell
12

e The boundary area S;, or 5.5 J-cells, depending on the model.

The normal graphite density dgpy is set to dgry = 8.774.107.10** atoms of graphite.cm™. Basically, the
number of atoms and the global area for each geometry are computed, along with the homogenized
surface densities in both geometries. The density in the J-cells is then adjusted depending on what need to
be conserved: the number of atoms, or the global average graphite density.

C-1. INTERNAL DOMAIN: 10 RINGS

This domain is the same for the two geometries. For a better understanding, it is first supposed that the
cells are prismatic (3-D) and not hexagonal (2-D). We define “h”, the height of a hexagonal prism.

C-1.1 F Cells

The F cells are composed of an internal tube pellet with a matrix filled with TRISO particles and graphite,
an annular region filled with helium and a surrounding region of graphite. The following notations are
used:

e R;and R,: the radii of the embedded tubes

e A: the area of the hexagonal basis

e a: the side of the hexagonal basis

e 7: the packing fraction

e V7 the volume occupied by all TRISO particles
eV the volume of the matrix.

The packing fraction corresponds to the volume fraction of TRISO particles present in the matrix volume.
We have: n = Vi/Vi.
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A TRISO particle is made up of a sphere with five layers having the following radii and with following
graphite densities:

Radius (cm) Graphite volume density (.10** atoms.cm™)
11=00lcm | dgraq =0.0

1=0.022cm | dgrap =5.265.107

1;=0.026 cm | dggaz = 9.526.107

14=0.0295cm | dgras = 0.0

rs=0.0335cm | dgpas =9.526.107

The surrounding matrix has a density of dgrs_r = 8,524.102.10** atoms.cm™.

Let N be the number of TRISO particles contained in the matrix. The packing fraction is defined by:
%nré N

= nR? h
Thus we have:

2
N=n- T,RI: : number of TRISO particles in the matrix
T

3'°'5

Let N7 be the total number of graphite atoms in a single TRISO particle.

4 3 3 4 3 3 4 3 3
NT = §T[ (T‘z - Tl) dGRAZ + §T[(T4 - 1‘3) dGRA3 + §T[ (TS - T4) dGRAS
The total number of graphite atoms Ny contained in an F cell is composed of three terms: the graphite
atoms contained in all the TRISO particles, those contained in the matrix, and those located in the
external surrounding volume.

nR2 /1
NF = n . 4

3

“Nr+ (1—1n) - R /2 - dgra—r + (A — @RS /2 - dgra

The height / can be factored out:

TR?

Nsz. n.4
F 1S

“Np+ (1= n) R} - dgra—r + (A — R3) - dggra

Finally N, is the total number of atoms contained in all F cells of the geometry:

Neotr = 17,.5 N
C-1.2 C Cells

These cells contain a tube filled with helium surrounded by graphite with the normal density d;g4.
Calling R the radius of the embedded tube, and N the number of graphite atoms in one cell of this type.
R=0, 794 cm.

Ne =/2+ (A~ mR?) - dgpy

Calling N, the total number of atoms contained in all C cells of our geometry.
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Nioee = 8,.5 N
C-1.3 KZCells

These cells contain a tube filled with helium surrounded by graphite with the normal density dgg4.
Calling r the radius of the embedded tube, and Nx the number of graphite atoms in one cell of this type.
r=20,635cm.

Ny =71+ (A— mr?) - dera
Calling N, the total number of atoms contained in all cells of the geometry:

Neotx = 8.5 Ng
C-1.4 G Cells

These cells are simple hexagons with normal graphite density. Calling N; and N¢,; the number of
graphite atoms in one G cell and in all G cells of our geometry:

NG:h'c/q'dGRA

1
Note = (1 + E) Ne
It is then possible to compute the total number of graphite atoms located in the internal prism Ny, :
Nint = Neotr + Niotc + Neotx + Neoto

Note that “/4” is in factor in front of every term.

C-2. BOUNDARY REGION AND GLOBAL VOLUME

C-2.1 DRAGON Model

The model use 5.5 J-cells with adjusted graphite density d; that form the boundary region. The total
number of atoms contained in the J-cells is calculated as follows:

NtOt] = 55h . c/q . d]
Thus the total number of atoms in the DRAGON model is equal to:
Npragon = Nint + 55h - A - d;

To calculate the global volume in the DRAGON model, the number of cells are summed, and this is
multiplied by the area of a hexagon A. Calling Spra; the area of the base of the prismatic block and
Vprac the volume of the prismatic block, we have:

1
Sprac = (17.5+8.5+0.5+1+ =+ 5.5) . A

Vbrac =h * Sprac
Again, “h” is in factor in Vpp .
It is now possible to calculate the density for the DRAGON model:

dr = Nprag
= ——
Vbrac
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As shown previously, 4 is in factor in Nppae and Vpgae- It will be simplified by the division, which leads
to this quite important conclusion: in the case of a tube pellet with spherical particles, the global
homogenized density is independent from the height /4 of the tube.

This is why it is possible to redefine everything in terms of numbers of atoms over a hexagon: one can
divide the previous quantities of atoms by 4.

4 4 4
Ny = 37 (7’23 - 7"13)  dgraz + gﬂ(7’43 - 7’3?) - dgraz + §7T(7”53 - 7"43) * dgras

R{

3
5

Niotc =8,5 (A — 7TR2) - dgra

T
Niotrp = 17,5 | 1 - 2

2 2
“Np+ (1—1n) 7TR1 © dgra-r + (Uq_ 7TR2) © dgra
§TET‘

1
Ntotk =35 (A— nr?) - dgra

1
Ntotc = (1 + E) A - dgra
Nint = Ntotr + Niotc + Niotk + Niote
NtOt] = 55 c/q . d]
Nprac = Nine + Ntot]

This amounts to say that all densities are meant as surface densities instead of volume densities. Thus the
above formulae are homogeneous. N becomes the number of atoms of graphite per height in one single
TRISO particle because the dgraz, dgraz and dgras become surface densities. 77 remains the volumetric
packing fraction, without dimension. Its definition is no more straightforward because the volumes of the
pellet and of the TRISO spheres are no more defined over a plane surface. In fact, the volume of the
TRISO is projected on the plane surface.

7'[R2
The term 1 - 7—% - N has no dimension and can be interpreted as the average number of graphite

3T 5
atoms contained in the TRISO particles and located on a right-plane section of the tube. It becomes
clearer when it is completely written:

2 5 /4— \‘
nR ) 3 = i)
n-z 3 Nr =1 ”Rlz 2 3 GRAi
gT[T'S i=1 §T[T'5
bi

where @; is the volumetric fraction of the Layer i in the TRISO particle.

The term in the sum corresponds to the average number of atoms of graphite of a TRISO particle per
square centimeter. It can be seen as the average number of atoms counted on any section of a sphere.

Thus, multiplied by nRZ, it becomes the maximum number of atoms that could be counted on average on

1
a right-plane section of the pellet if the pellet were totally filled with TRISO particles. This enables one to

give a sort of definition of 77 in two dimensions: 1 would be the ratio between the number of graphite
atoms belonging to TRISO particles located on a section, divided by the maximum number of atoms that
could be placed on the same section.
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True number of graphite atoms belonging to particles over a section
1 4
5 §7T(7“i3 - r2,)
7TR1 : =1\~ 3 dgrai
—_ 7 I
Area of the plane right section 3 5

Average number of graphite atoms.cm~2 in 1 particle

The numerical calculation gives:

Ny = 9.64977237588257.10°.10* graphite atoms in 1 TRISO particle.
Nor = 4.48140732535334.10* graphite atoms in all F cells.

Noc = 0.805688501750402.10* graphite atoms in all C cells.

Nox = 0.0787080406765923.10* graphite atoms in all K cells.

Nec = 0.290942564134322.10** graphite atoms in all G cells.

Nipt = 5.65674643191466.10% graphite atoms in the internal area.
Sprag = 101, 2643982757 cm’.

C-2.2 MCNP Model

In the MCNP model, it is easier to compute the boundary area between the internal cells and the frontier
by subtracting the internal area from the total area.

Calling S the total area of the large hexagon, p = 36, 0 the pitch, and s the side of the large hexagon:

il 20.78461 cm?
—_— . cm
V3

3v3
S = 752 = 1122.3689 cm?

S =

There are 331 internal hexagons, which occupy an area equal to:
V3
2
Thus, if we call S,the boundary area for 1/12" of the block:

128, = 8§ — Ay, =109.217 cm?

Ay, =331 — (1.88)? = 1013.151 cm?

Thus the area of the boundary region and the number of atoms in it is found to be
S, =9.1014167 cm?
N, = S, - dggra = 0.798542 .10%* graphite atoms.

Finally, the total number of graphite atoms in the MCNP 1/12" block model and the corresponding area
are equal to:

Nycenp = Nipe + N = 6.455288 . 102 graphite atoms.
Suenp = 75 S = 93.53074cm?,
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C-3. CONSERVATION OF THE GLOBAL HOMOGENIZED DENSITY

In this first example, we are searching d; so that we keep the same global homogenized surface density
dp, in both cases:

Nyenp _ Nprac _ 1 (SDRAG
Smcne  Sprac /554

The numerical application gives:

d; — 7,.9139.1072.10%* graphite atoms.cm™% & d; = 0.90198 - - dggy

S NMCNP - Nlnt)
MCNP

N
d,= DRAG
SprAG
The difference between the global homogenized densities of the MCNP model and the DRAGON model

is equal to 1.55.10°"°, which is beyond the precision of DRAGON.

= 6.901782.1072.10%* graphite atoms.cm™2

The calculation in DRAGON is consistent with the above calculation: we obtain
d, = 6,90178201.1072.10%* graphite atoms.cm™ in DRAGON instead of dj, = 6. 901782601.107%.10**
graphite atoms.cm™” in the density calculation.

This J-cell density was useful for building directly the right macroscopic cross sections in DRAGON for
INSTANT. The hope was that the different boundaries would not appreciably change the neutron energy
spectrum compared to what would give a calculation over the real block. But in fact, to provide directly
macroscopic cross sections for INSTANT with the correct densities, all isotope’s densities should be
adjusted in every region by a factor of about 8.2%, corresponding to the ratio of Spracon/Smcnp, including
the densities of the fissile isotopes. This would significantly change the composition of the fuel and would
likely lead to quite wrong cross sections for INSTANT.

Once the capability was developed to change the density during preparation of the macroscopic cross
sections for INSTANT, this capability was no more of interest. Indeed, the most logical approximation to
mimic the real block calculation is to conserve the number of atoms for each isotope between the two
block models, to recover the microscopic cross sections and to establish the new macroscopic cross
sections for INSTANT taking the true densities into account.

The resulting J-cell density has been determined hereafter. Other isotope’s densities over a real block
have also been determined and are given in next appendix.

C-4. CONSERVATION OF THE NUMBER OF GRAPHITE ATOMS IN
THE BOUNDARY REGION

It was preferred to conserve the number of atoms in the boundary regions between the MCNP model and
the DRAGON model. This is equivalent to conserving the total number of graphite atoms, because the
internal number of atoms is the same in both cases. This choice can be justified by the fact that such a
relation would produce a spectrum for the neutrons coming in the boundary fuel rings that should better
reflect the spectrum generated in MCNP. This appears to be the most logical approximation to deal with
the jagged boundary limitation in DRAGON.
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The conservation relation is written as:
Nycene = Nprac © Ning + Np = Nipe + N
= Nb = d] . I/]

Ny

We find:

d; = 4.74337.1072.10%* graphite atoms.cm ", or otherwise:

d; = 0.54061738 - dgga

This leads to a global homogenized density in DRAGON model of:
dp_prac = 6.3746.1072.10%* graphite atoms. cm™?2

The global homogenized density in MCNP model remains the same:
d—mcnp = 6.901782.1072.10%* graphite atoms. cm™2

So we have:

dj-prac = 0.923629 - d;_mcnp

Thus, the macroscopic cross sections passed to INSTANT with this method without any other treatment
will have lower density than the expected one. Therefore, it necessary to recover the microscopic cross
section from such a calculation, and to calculate the macroscopic cross section for INSTANT with the
right density dj, _ penp-

In the supercell models in DRAGON, each J-cell is shared between two blocks, so that the core geometry
looks approximately like the real one. Therefore, the J-cell density has to be multiplied by 2 to reflect the
right boundary volume. This remark is valid only when trying to conserve the total number of atoms over
the whole lattice comparing to MCNP. Therefore, in this case, the following is used:

d; =9.49. 1072.102%* graphite atoms.cm™2, or otherwise:
d] =1.08 - dGRA

Naturally, this leads to a different homogenized density comparing to the MCNP one, but this is not
important as only the microscopic cross sections are recovered from those calculations:

d/—prac = 7.16.1072.10%* graphite atoms.cm™2, that is to say:
d/-prac = 1.037885 - dj_ycnp
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Appendix D

Density Calculation for all Isotopes in INSTANT
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Appendix D

Density Calculation for all Isotopes in INSTANT

As seen before, the areas of the blocks in INSTANT and DRAGON are different, which leads to different
densities and prevents the direct passage of homogenized macroscopic cross sections computed in
DRAGON.

It is necessary to conserve the number of atoms between the two calculations. Only graphite is located in
the J-cells. Therefore, for all the other isotopes, the correct way to pass cross sections to INSTANT is to
keep the same number of atoms as in DRAGON, because the inside part of the blocks does not change
between the two models.

As the J-cells introduce an extra area at the periphery, the densities calculated by DRAGON will be lower
than the correct ones. Thus, they have to be corrected before calculating the macroscopic cross sections
for INSTANT.

The following can be done:

disotope _ disotope . SDRAGON
INSTANT — “DRAGON S
INSTANT

For explanation purposes, the full calculation were repeated as for the graphite above, to verify the
densities calculated in DRAGON. The calculation was done over a 1/12"block and the work done for the
graphite was reused. This leads naturally to the same results.

The surface in INSTANT is equal to:

Sinstant = 93,.53cm?,

The model contains four kind of isotopes:

e The isotopes located in the kernel of the TRISO particles

e The isotopes located in the peripherial shells of the TRISO particles

e The helium located in the annular tube surrounding the fuel pellet and in the coolant channels

e The graphite located in the TRISO particles, in the matrix of the fuel cells, in the graphite cells, and in
all areas surrounding coolant channels.

For the isotopes located in the TRISO’s kernel, we compute Ny, the number of atoms inside one TRISO
particle, then the total number of atoms inside one fuel cell N,,r, and finally the homogenized density
over the block (see Table D-1).

4 3
NT = §TL’T‘1
7TR2
NtOtF=17'5X T]‘4 3‘ NT
§T[T'5
isotope __ Neotr
d’ = —totF (D-1)

SINSTANT
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Table D-1. Average densities of the fuel isotopes in INSTANT.

Isotope Density (.10** atoms.cm™)
016 4.703781.107
NP27 1.613876.10°
PU38 6.854202.107
PU39 1.165342.10°
PU40 5.390898.10°°
PU41 2.053928.10°
PU42 1.138833.10°
AM41 6.535032.107
AM42 4.649703.10”
AM43 3.241537.107

For isotopes located in the shells of the TRISO particles (see Table D-2), the calculation is similar.

Ny = %n(rig — 12,) with i = 4 for layer 4 and i = 5 for layer 5

mR?
Neotr =17,5 X (1 - 3 T
§TL'T53
d;jotope _ _Neotr (D-2)

SINSTANT
Table D-2. Average densities of the TRISO’s shells isotopes in INSTANT.
Isotope Density (.10** atoms.cm ™)

SI28 3.779168.10™
SI29 1.918774.10°
SI30 1.264588.107
Cl12 4.096818.10™

Finally, helium (Table D-3) is located in the coolant tubes and in the annular region surrounding the fuel
pellet.

N
Ny, = Z (xR? — wR?_,) d; and dye = ——"—
ie F,C,K cells INSTANT
Table D-3. Average density of helium in INSTANT.
Isotope Density (.10** atoms.cm ™)

HE4 1.372031.10*

For the graphite (Table D-4), the calculation was already done in the previous appendix to calculate the
J-cell density. We have:
Table D-4. Average density of graphite in INSTANT.

Isotope Density (.10** atoms.cm ™)

GRAB 6.901782.10
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Appendix E

Comparison between P4, P;, Ps
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Appendix E

Comparison between P4, P;, Ps

In INSTANT, it is possible to choose how many angles are treated. This appendix shows a comparison
between P;, P; and Ps to complete the explanations of Section 3.2.2.

The first two tables concern Py and P; calculations. Table E-1 compares the K.¢and Table E-2 the fission
map parameters obtained in INSTANT. The variability is significant. On the contrary, the same K. are
calculated between P; and Ps (see Table E-3). This demonstrates the convergence of the INSTANT model
n P3.

Table E-1. Single block path: INSTANT calculations in P; and P;, eigenvalues.

No. of SB MOC DH295
Groups P, scat 1 P; scat 1
in Deviation with Deviation with
INSTANT Core K-eff MCNP (pecm) Core K-eff MCNP (pcm)
295 1.25033 58 1.25010 40
26 1.25046 69 1.25023 50
23 1.24994 27 1.24970 8
12 1.24990 24 1.24968
10 1.25011 41 1.24987 22
9 1.24683 -221 1.24660 -240
6 1.24783 -141 1.24758 -162
4 1.20891 -3256 1.20891 -3256
2 1.21163 -3039 1.21162 -3039

Table E-2. Single block path: INSTANT calculations in P, and P;, fission map comparison.
SB MOC DH295

No. of
Groups in P, scat 1 P; scat 1

INSTANT Max Min Av.u  Stdo  AbsD Max Min Av.u  Stdo  AbsD
295 2.06 -1.13 -0.15 0.94 0.82 1.83 -0.98 -0.14 0.81 0.69
26 2.02 -1.14 -0.15 0.98 0.88 1.79 -0.99 -0.13 0.85 0.74

23 2.05 -1.18 -0.15 1.03 0.93 1.83 -1.04 -0.14 0.90 0.80

13 1.49 -1.01 -0.11 0.87 0.81 1.27 -0.91 -0.10 0.73 0.68

10 1.53 -1.05 -0.11 0.90 0.84 1.30 -0.96 -0.10 0.76 0.71

9 0.24 -0.30  -0.007 0.18 0.16 0.35 -0.53  -0.009 048 0.25

6 0.98 -0.80 -0.07 0.61 0.58 0.76 -0.70 -0.06 0.29 0.45

4 11.2 -14.3 0.98 9.36 8.92 11.2 -14.5 0.99 9.36 9.01

2 10.7 -14.2 1.00 9.22 8.77 10.8 -14.4 1.01 9.22 8.86
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Table E-3 shows the K¢ obtained with P; and Ps calculations in INSTANT.
Table E-3. Single block path: INSTANT calculations in P; and Ps, eigenvalues.

SB MOC DH295
No. of P; scat 1 Psscat 1 Difference

Groups Core K-eff Core K-eff (pcm)

295 1.25010 1.25010 0

26 1.25023 1.25023 0
23 1.24970 1.24971 -0.8
12 1.24968 1.24967 0.8

10 1.24987 1.24987 0

9 1.24660 1.24660 0

6 1.24758 1.24758 0

4 1.20891 1.20891 0
2 1.21162 1.21161 0.8




Final Report on Utilization of TRU TRISO Fuel as Applied to HTR Systems Part Il: Prismatic
Reactor Cross Section Generation
March 2011 139

Appendix F

Group Structures
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Appendix F

Group Structures

Tables F-1, F-2, F-3, F-4, F-5, F-6, F-7, and F-8 give the boundaries of the intermediate group structures
as they were determined by DRAGON. The boundaries are kept as close as possible to well-known group
structures. The lowest boundary is fixed at 1.100027.10*eV for every group structure.

All of these group structures are based on boundaries given by publications, except the 10-group
structure, which has been built based on the 12-group structure by removing two boundaries that were
located inside one larger interval of the 26-group structure. This enables condensation from 26 groups to
10 groups, while it was not possible to go from 26 groups to 12 groups with their existing boundaries.

Group structures with 2, 4, 6, 12, and 26 groups are given in the IAEA report™ and have been used by the
French CEA or the German Research Center of Jiilich. Note that the 12-group structure is in fact based on
the 13-group structure proposed in the report, but the last group was automatically removed by DRAGON
because it was too low in energy. The group structure with 23 groups comes from the technical report™ of
Argonne National Laboratory. The 9-group structure has been determined by General Atomics and is
cited in Reference F-2. Once boundaries are given to DRAGON, the code finds the closest match with the
internal boundaries of the 295-group structure. It explains the differences one may observe between the
boundaries cited in those publications and the final boundaries chosen by the code and given in

Tables F-1 to F-8.

Table F-1. 26-group structure, energy limits.

26-group Structure

Group 1 2 3 4 5

Enax (eV) 1.9640E+07  6.7032E+06  3.3287E+06  5.7844E+05  9.4665E+04
Group 6 7 8 9 10

Enax (eV) 1.8585E+04  2.9962E+03 1.3436E+03  6.7729E+02  2.6830E+02
Group 11 12 13 14 15

Enax (eV) 1.2623E+02  5.9925E+01  2.7885E+01 1.3573E+01 7.9653E+00
Group 16 17 18 19 20

Enax (eV) 4.9585E+00  2.3301E+00  1.2509E+00 6.2500E-01 3.2501E-01
Group 21 22 23 24 25

Enax (eV) 1.9000E-01 1.2000E-01 7.6497E-02 4.7302E-02 1.4830E-02
Group 26

Enax (eV) 7.1453E-03
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Table F-2. 23-group structure, energy limits.

23-group Structure

Group number 1 2 3 4 5
Enax (eV) 1.9640E+07  3.3287E+06  1.3369E+06  4.9400E+05  9.4665E+04
Group number 6 7 8 9 10
Emax (V) 6.7379E+04  7.4658E+03  3.5357E+02  4.0000E+00  1.4440E+00
Group number 11 12 13 14 15
Enax (eV) 1.0920E+00  1.0350E+00  9.6396E-01  8.2004E-01  4.7502E-01
Group number 16 17 18 19 20
Emax (V) 3.9000E-01  3.2501E-01  2.7999E-01  2.3119E-01 1.6190E-01
Group 21 22 23
Ernax (€V) 1.3800E-01  8.9797E-02  4.7302E-02
Table F-3. 12-group structure, energy limits.
12-group Structure
Group 1 2 3 4 5
Enax (eV) 1.9640E+07  1.6507E+05  9.8249E+02  1.6562E+01  4.0000E+00
Group 6 7 8 9 10
Enax (V) 2.0701E+00  1.2930E+00  7.2000E-01 6.2500E-01 3.9000E-01
Group 11 12
Emax (€V) 3.0501E-01 1.0430E-01
Table F-4. 10-group structure, energy limits.
10-group Structure
Group 1 2 3 4 5
Enax (€V) 1.9640E+07  1.6507E+05  9.8249E+02  1.6562E+01  4.0000E+00
Group 6 7 8 9 10
Eax (V) 2.0701E+00  7.2000E-01  3.9000E-01  3.0501E-01 1.0430E-01
Table F-5. 9-group structure, energy limits.
9-group Structure
Group 1 2 3 4 5
Emnax (€V) 1.9640E+07  1.6507E+05  9.0968E+02  1.7376E+01  3.8822E+00
Group 6 7 8 9
Emnax (€V) 2.3301E+00  1.2509E+00  8.2004E-01  1.19999E-01
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Table F-6. 6-group structure, energy limits.

6-group Structure

Group number 1 2 3 4 5
Emax (€V) 1.9640E+07  1.6507E+05  1.6562E+01  2.0701E+00  6.2500E-01
Group 6
Eax (€V) 1.0430E-01

Table F-7. 4-group structure, energy limits.

4-group Structure

Group number 1 2 3 4
Enax (€V) 1.9640E+07  9.4665E+04  2.7885E+01 1.7800E+00

Table F-8. 2-group structure, energy limits.

2-group Structure

Group number 1 2
Eax (€V) 1.9640E+07  2.3301E+00
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